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Abstract
In the last few years road passive safety has become an evolving field due to the increase
of mobility and consequently of the increase of traffic. Road authorities are deeply involved
in this process in order to reduce the risks and consequences of accidents, such as off-roads
and heads-on collisions, improving vehicle restraint systems and other safety features. The
use of virtual testing can represent the key tool to make the field evolve faster and in a
cost-effective way. In this view, virtual testing can be used to speed up test procedures
or reduce the number of numerical tests and also to study different and more complicated
issues related to vehicle restraint system (VRS) use and installation.
The first issue consists of making reliable and robust numerical tests compared to the
full scale test behaviour. This can be reached only defining common and widely accepted
norms covering all aspects of crash test simulation against VRSs such as the European
Technical Report 16303. This document covers almost any aspect of virtual testing starting
from the modelling technique to the vehicle and test item modelling and verification and
finally the validation procedure of the virtual test against a VRS.
The first part of this work of thesis focuses on the vehicle modelling and verification that
represent a key element of virtual testing, often underestimated. The validation procedure,
according to TR 16303, is run for a coach model (13 ton) and for a passenger car (1500 kg)
of different categories from the one used as a reference in the Validation Roadmap. The
tests have been performed and have raised observations concerning the way these tests
can be carried out in order to make them suitable for any other vehicle models. Finally
a reduced version of the validation procedure has been proposed in order to make the
procedure more cost-effective. The second part of this work presents the study of selected
critical installation of vehicle restraint systems using the foregoing validated models. The
results of these tests will be used as a reference for further installation and to enhance
National guidelines.
All numerical tests are performed with the Finite Element code implemented in the soft-
ware Ls-Dyna.
Keyword:
Passive Safety, Finite Element Model, Ls-Dyna, Vehicle Restraint Systems, Crashworthi-
ness, Validation Roadmap.

Sommario
La sicurezza passiva in ambito stradale è un settore in continuo sviluppo in quanto negli
ultimi anni la mobilità delle persone è aumentata e di conseguenza anche il traffico. Le
autorità che si occupano della gestione e della sicurezza in ambito stradale sono profonda-
mente coinvolte in progetti di ricerca volti alla riduzione dei rischi e delle conseguenze degli
incidenti, come uscite di strada ed impatti frontali, usando sistemi di ritenuta stradali ed
altri accorgimenti. L’uso di simulazioni numeriche può rappresentare lo strumento chiave
per lo sviluppo della sicurezza stradale in modo più rapido e con un maggiore impatto eco-
nomico. In questo senso le simulazioni numeriche permettono di accelerare le tempistiche,
ad esempio riducendo il numero di test, e di studiare svariati casi relativi all’installazione
ed all’uso di sistemi di ritenuta stradale.
Un primo punto di discussione è legato al fatto che i test numerici devono essere il più
possibile affidabili e robusti quanto i test reali. Miglioramenti in questa direzione possono
essere raggiunti su scala europea solo definendo delle norme riguardanti tutti gli aspetti
delle simulazioni di crash di veicoli contro sistemi di ritenuta stradali. L’European Techni-
cal Report 16303 ne è un esempio. Questo documento copre quasi tutti gli aspetti relativi
alle simulazioni a partire dalle tecniche di modellazione e verifica, sia del veicolo che del
test stesso, fino alla procedura di validazione dei test numerici.
La prima parte di questo lavoro di tesi è focalizzata sulla modellazione e verifica di modelli
di veicoli che è un punto chiave dei test numerici anche se spesso non gli è attribuita la
giusta importanza. La procedura di validazione, presentata nel TR 16303 e denominata
Validation Roadmap, è eseguita per il modello di un autobus di 13 ton e per una vettura
di 1500 kg, di diversa categoria rispetto al veicolo usato come riferimento nella procedura.
I test sono stati eseguiti con occhio critico e ciò ha portato a numerose osservazioni
riguardanti le modalità di esecuzione dei singoli test in modo da adattarli alla catego-
ria di veicolo con cui si sta lavorando. A conclusione della prima parte è stata proposta
una procedura di validazione ridotta in modo da diminuire i costi effettivi. La seconda
parte del lavoro di tesi presenta lo studio di alcune installazioni critiche di sistemi di
ritenuta stradale usando i modelli di veicoli precedentemente validati. I risultati di questi
test saranno usati come riferimento per altre istallazioni con lo scopo di migliorare le linee
guida nazionali.
Tutte le analisi numeriche sono state eseguite con il codice ad elementi finiti implementato
nel software Ls-Dyna.
Parole chiave:
Sicurezza Passiva, Modelli a Elementi Finiti, Ls-Dyna, Barriere Stradali, Impatti, Valida-
tion Roadmap.
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Introduction
According to World Health Organization in 2013 approximately 1.24 million people die
every year and another 20 to 50 million sustain non-fatal injuries as a result of road traffic
crashes. The rate of motorization is continuously increasing and this leads to an increment
of road crashes risk. This is more significant in countries with low and middle income which
do not invest in road safety measures. These data are better than the same related to the
past and road fatalities rates have declined over the last two decades especially considering
that the rate of motorization is continuously increasing [1].
Obviously, there are large disparities in road traffic death rates among different regions
with middle-income countries representing the eighty per cent of road traffic fatalities and
having the highest annual road traffic fatality rates.
The European Region is the zone with the lowest annual road traffic fatality rates, but
with quite some differences from country to country. Generally, it is possible to assert
that the countries that are most investing in road safety strategies are the ones with the
better results.
Figure 1.1: Road Traffic Deaths by Type of Road User [1]
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Looking at the current situation in Norway, where this thesis has been performed, it
stands out that since 2000, the number of people killed or seriously injured in road accident
has been halved and the number of injury crashes decreased by 30%. The year 2014 has
registered one of the lowest number of people killed in road accident since 1950s with a
number of 150 fatalities and related road traffic fatality rate of 2.9 deaths per 100.000
inhabitants [2].
This improvement is the result of the new national safety measures, called Vision Zero,
adopted in 2001 by the Norwegian Parliament (Stortinget). The Vision Zero aim is to re-
duce road accidents hoping to reach zero fatalities and serious injuries in the near future.
This strategy is implemented with the collaboration of Norwegian Public Road Adminis-
tration (NPRA), the police and the public administrations of both Health and Education
[3].
Figure 1.2: Road Fatalities Trend for Norway[1]
Despite these data show a positive trend, risk of road crashes is still very high and the
will of the Norwegian Authorities is to invest further on road safety. Revising its national
specifications and guidelines, the correct use of vehicle restraint systems (VRS) is at the
base of the evaluation that NPRA intends to carry on. Detailed accident analyses have
shown that fatalities related to head-on collision and off-road accident represent the first
two groups of accident type, figure 1.3, and both of these groups are related to VRS use
and installation.
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Figure 1.3: Fatalities, Severe Injury and Minor Injury by Type of Accident. Av-
erage 2005-2008. [Source: Norwegian Directorate of Public Roads]
In this scenario, the use of virtual testing represents a very import tool to study a variety
of situations that cannot be covered by any testing standard or regulation. Unfortunately
the use of crash simulation in this field is still quite limited and it is not even comparable
to the neighbour and more famous automotive sector where it is considered a fundamental
tool especially in the vehicles safety development.
The Norwegian Road Administration invests time and resources in virtual testing trying
to understand how VRS can be safely used to fulfil practical needs so to improve instal-
lation guidelines and to enhance National specifications. That is why, it is crucial that
virtual testing describes a real phenomenon in a correct way and gives reliable and robust
results, ensuring that the physics of the crash tests is captured. To establish accuracy,
credibility and confidence in the results, a virtual test shall be carefully implemented in
all its aspects from the items and vehicle modelling and verification to the performed test.
In this context, this thesis aims to focus on vehicle models and on their use in testing
outside standard requirements for VRS. The numerical tests, herein presented, are carried
on with the Finite Element (FE) code implemented in the software Ls-Dyna.
The first part of this work focuses on the vehicle modelling and validation. This aspect
represents a key element of virtual testing that is often underestimated, even if vehicle
models influence all kind of test results from the severity indexes to how the items behave.
In the past, vehicles used in virtual testing against VRS were quite simple and sometime
they did not even satisfy some essential requirements such as the geometry of the vehicle
or its general dynamic behaviour.
Now the goal must be to use only validated vehicle models which behave as close as pos-
sible to the real ones for the intended use of the model.
While performing the validation procedure (Validation Roadmap), according to the
CEN Technical Report 16303 [4], all tests have been accurately analysed considering the
point of view of a virtual lab that does not have access to physical data and/or cannot
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perform physical test on real existing vehicles.
Moreover, the tests listed in the validation are evaluated for different vehicle categories
compared to the one used as a reference in the Technical Report, a small passenger car of
900 kg with an independent suspension system.
Two vehicles have been selected for this study: a coach model (13 ton) and a passenger
car (1500 kg). These two vehicles fulfil the requirements for crash testing against VRS ac-
cording to EN1317-1 [5] and are used to perform the containment test in class N2 and H2,
according to EN1317-2 [6]. Safety barriers in containment level N2 are the most common
along highway and rural roads in Norway while containment level H2 is the most used
for parapets. Recently, the latter shall be also installed in median where heavy traffic is
frequent [7].
The Validation Roadmap has been carried out without having the possibility of per-
forming physical as references. This required the re-interpretation of some tests. The only
comparison between the numerical and physical test has been made on the full scale test
against a deformable barrier, as required by the validation procedure.
The second part of this work of thesis presents the study of selected real-life critical in-
stallation of vehicle restraint systems using the foregoing validated models. Running these
tests, the impact condition and the pass/fail criteria prescribed into EN 1317-2 (standard
test for safety barrier) have been used as a reference.
The first case analysed is related to a new requirement on the use of H2 containment level
safety barrier for motorways with heavy traffic. This class of barrier must be now installed
in median to avoid possible crashes with heavy vehicle crossing over. The virtual tests
intend to investigate if two safety barriers tested in containment level N2 could replace a
single H2 barrier preventing the risk of heavy vehicles invading the incoming lane.
Figure 1.4: Example of Motorway Median
The second case investigates a quite common safety traffic issue: the evaluation of
possible advantages of installing a safety barrier rail on concrete wall that can be found
alongside public roads. It is not rare that local authorities set up this type of installations
in order to reduce the severity of possible accident. With the help of virtual testing, the
real efficiency of such solutions has been verified.
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Finally the third case tests a solution for a safety barrier termination. The safety barrier
is curved and anchored into the roadside terrain (embankment) of a safety barrier termi-
nation. Earth embankments anchoring is considered an appropriate and low-cost solution
for closing an opening between the safety barriers and the cutting/wall, in order to prevent
vehicles from veering off behind the barrier towards a hazard, figure 1.5. This solution
shall be suitable to different type of ditches, eventually including a transition between an
open and closed ditch. The safety barrier termination shall be properly designed avoiding
vehicles to travel over or underneath the barrier.
Figure 1.5: Example of Barrier Termination without Anchoring in Earth Embank-
ment
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1.1 Objectives
The thesis consists of two parts. The aim of the first part of this work is the complete
validation of two vehicle models: a 13 ton bus and 1500 kg car. Guidelines reported in the
technical report TR 16303 are followed and different aspects are evaluated constructively.
The aim of the second part is to perform tests on different kinds of critical installations
of vehicle restraint systems, that are outside the standard EN 1317, with foregoing vali-
dated models. The former model of the bus was developed by the Norwegian Public Road
Administration and the car model was developed by the National Crash Analysis Center
(NCAC). A foregoing validated model of a light passengers car of 900 kg has been also
used in the second part of the thesis. This model is freely supplied by Politecnico di Milano.
The following steps have been carried out:
• Analysis of the vehicles and improvements of the numerical vehicle models (Chapter
3).
• Performance of numerical tests required by the Validation Roadmap with analysis
of different aspects, described in the technical report TR 16303 - 2, and suggestion
of validation guidelines for coach model (Chapter 4).
• Impact dynamic analyses of crash tests of the vehicle against critical installation
restraint systems, outside the standard EN 1317 (Chapter 5).
All the numerical simulations in the present thesis have been performed using the soft-
ware Ls-Dyna, a well known commercially available non-linear finite element explicit code.
It is used to analyse large deformation, static and dynamic response of structure. The
main solution methodology is based on explicit time integration. The solver is widely used
in automotive and road equipment industry.
The added parts of the models and the rail were modelled with the software SolidWorks
supplied by Dassault Systemes. For meshing purpose the software Hypermesh supplied
by Altair Engineering was also used. The analyses of the models have been made using
LS-Prepost and Matlab.
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European Standard and
Reference Documents
In the following paragraphs a brief summary of the content of two documents is pre-
sented: EN 1317 and TR 16303. Both documents have been prepared by Technical Com-
mittee and submitted to CEN members1 for approval. They contain requirements and
guidelines that shall be followed when dealing with physical full scale tests and numerical
tests on vehicle restraint systems.
2.1 EN 1317
EN 1317 is the European standard for testing and classification of performances of VRSs.
This is an important tool on which National and local authorities could rely to recognize
and specify the performance class of VRSs to be deployed. It identifies test methods and
impact test acceptance criteria, the products for road restraint systems need to fulfil. The
standard is divided in five parts, listed as it follows:
• Part 1:2011 - Terminology and general criteria for test methods;
• Part 2:2011 - Performance classes, impact test acceptance criteria and test methods
for safety barriers including vehicle parapets;
• Part 3:2011 - Performance classes, impact test acceptance criteria and test methods
for crash cushions;
• Part 4:2011 - Performance classes, impact test acceptance criteria and test methods
for transitions of safety barriers;
• Part 5:2014 - Product requirements and evaluation of conformity for vehicle restraint
systems.
Part 1, 2 and 5 are relevant for this work. The key aspects of these three parts are
presented in the next pages.
1CEN members are the national standards bodies of Austria, Belgium, Bulgaria, Croatia,
Cyprus, Czech Republic, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Iceland,
Ireland, Italy, Latvia, Lithuania, Luxembourg, Malta, Netherlands, Norway, Poland, Portugal,
Romania, Slovakia, Slovenia, Spain, Sweden, Switzerland and United Kingdom.
7
Chapter 2
EN 1317-1
EN 1317-1 contains provisions for the measurement of product performance for the road
restraint systems under impact and impact severity indexes. It also includes all the vehicle
specifications in terms of mass, dimensions and position of center of gravity. Models used
for testing shall fulfil the parameters listed in table 2.1.
Table 2.1: Vehicle Specifications [Source: EN1317-1]
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Moreover, this part includes the calculation method of the so called impact severity
indexes. Two impact severity indexes are used:
• Acceleration Severity Index (ASI) - it is a measure of the severity of the impact
with a road restraint system. The ASI index is based on the vehicle acceleration
measured during the impact and it is calculated as shown in equation 2.1:
ASI(t) =
√√√√[( a¯x
aˆx
)2
+
(
a¯y
aˆy
)2
+
(
a¯z
aˆz
)2]
(2.1)
Equation 2.1 refers to the x-axis aligned with the longitudinal axis of the vehicle,
the y-axis that is lateral with positive pointing right and the z-axis that is vertical
with positive sign pointing down. The accelerations and the limit values for the
accelerations in the space are:
aˆx = 12g a¯x = 1δ
∫ t+δ
t
ax dt
aˆy = 9g a¯y = 1δ
∫ t+δ
t
ay dt
aˆz = 9g a¯z = 1δ
∫ t+δ
t
az dt
The a¯ are the acceleration components of a vehicle point P in a time interval
δ = 50ms. ASI index intend to give an approximate measure of the impact severity
for a person seated near the point P. The standard classifies the safety barrier in
three categories basing on the maximum ASI value, see EN 1317-2.
• Theoretical Head Impact Velocity (THIV) - it is the theoretical speed of the
head, colliding with an obstacle during an impact. THIV index is defined as shown
in equation 2.2:
THIV (t) =
√
[vx(t)]2 + [vy(t)]2 (2.2)
vx and vy are the velocity co-ordinates of the theoretical head with respect to the
vehicle reference frame. The assumption when calculating this index is that the
notional impact surfaces inside the vehicle are assumed flat and perpendicular to
the vehicle x and y axes. The distances of such surfaces from the original head
position, flail distances, shall be Dx forward and Dy laterally on both sides. The
standard values are Dx = 0.6m and Dy = 0.3m.
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EN 1317-2
EN 1317-2 gives levels of performance and the test conditions of VRS. The test condi-
tions are defined by vehicle category, impact angle and impact speed, table 2.2.
Table 2.2: Vehicle Impact Test Description [Source: EN1317-2]
This work focuses on containment class N2 and H2, the ones most used in Norway, that
are classified, respectively, as normal containment level and high containment level. N2
barrier is used for impact test which involves cars of 900 kg and 1500 kg, respectively test
TB11 and TB32 shown in table 2.2, while H2 barrier is used both for car of 900 kg and
coaches, respectively test TB11 and TB51.
VRS performance is based on three main criteria relating to the restraint of a road
vehicle:
• Containment Level: the capability to restrain errant vehicles;
• Impact Severity Levels: the risk for a vehicle occupant consequent to a vehicle
impact (applicable to passenger cars only);
• Deformation of the Safety Barrier: the deformation, in terms of change in
geometry or displacement, of the safety barrier under impact.
Referring to road safety barriers, the system deformation is evaluated through two
parameters:
• Working Width, Wm - it is the distance between the side of the guard rail
facing the traffic before the impact and the maximum lateral position of any major
part of the system during the impact. There are eight classes of deformation;
• Dynamic deflection, Dm - it shall be the maximum lateral dynamic displacement
of any point of the traffic face of the restraint system.
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(a) Car (b) Heavy Vehicle
Figure 2.1: Dynamic DeflectionDm and Working WidthWm [Source: EN 1317-2]
The behaviour of heavy vehicle such as buses and trucks is evaluated using the vehicle
intrusion (VI). The VI is the vehicle maximum dynamic lateral position.
The dynamic deflection, the working width and the vehicle intrusion allow to determine
the conditions for installation of each safety barrier and also to define the distances to be
provided in front of obstacles to permit the system to perform satisfactorily. The main
parameter used to classify safety barriers is the working width class, table 2.3.
Classes of Normalised Level of Normalized
Working Width Levels Working Width [m]
W1 Wn ≤ 0.6
W2 Wn ≤ 0.8
W3 Wn ≤ 1.0
W4 Wn ≤ 1.3
W5 Wn ≤ 1.7
W6 Wn ≤ 2.1
W7 Wn ≤ 2.5
W8 Wn ≤ 3.5
Table 2.3: Levels of Normalised Working Width [Source: EN 1317-2]
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EN 1317-2 also sets the level of acceptance of the severity indexes, table 2.4. These
indexes must be calculated only for cars.
Table 2.4: Impact Severity Levels [Source: EN 1317-2]
EN 1317-5
EN 1317-5 contains the product requirements, test and assessment methods and ac-
ceptance criteria to compare numerical and physical tests. The last available comparison
method presented in the updated version of this standard EN 1317-5:2014 has been used
in this work of thesis. EN 1317-5:2014 has been approved by the technical committee,
during the technical inquiry, but it is still a draft not of public domain.
The criteria used in this thesis to compare numerical and physical tests are reported in
the equations 2.3 and 2.4 and in tables 2.5 and 2.6.
The dynamic deflection of the physical test (DD) has been compared with the one
calculated in the virtual test (DDv) using the equation 2.3.
|DD −DDv| ≤ (0.1 + 0.1 · (DD)) (2.3)
The working width from the physical test (WW ) has been compared with the one calcu-
lated from the virtual test (WWv) using the equation 2.4.
|WW −WWv| ≤ (0.1 + 0.1 · (DD)) (2.4)
The tolerance for the severity indexes is reported in tables 2.5 and 2.6.
Tolerance Time Max ASI
ASI ±0.1 ±0.05 s
Table 2.5: ASI Tolerance [Source: En 1317 - 5]
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Tolerance Time Flight
THIV ±3 km/h ±0.05 s
Table 2.6: THIV Tolerance [Source: En 1317 - 5]
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2.2 TR 16303
TR 16303:2011 contains guidelines for computational mechanics of crash testing against
vehicle restraint system. The technical report is divided in four parts:
• Part 1: Common reference information and reporting;
• Part 2: Vehicle Modelling and Verification;
• Part 3: Test Item Modelling and Verification;
• Part 4: Validation Procedures.
The major interesting part of the TR 16303 for this thesis is the second one. Part 2
provides a step-by-step description of the development process of a reliable and robust
vehicle model for the simulations of full scale crash tests and it contains a validation pro-
cedure called Validation Roadmap.
The guidelines refer to vehicle models that reproduce faithfully the correct inertial proper-
ties and outer geometry of the vehicle. Road equipment industry is interested in assessing
the global response of the system, therefore it is important that the numerical vehicle
model reproduces the real vehicle behaviour accurately especially in the following param-
eters:
• mass and centre of gravity position;
• dimensions;
• deformations and stresses of the parts in contact with the restraint system;
• suspension and steering systems.
The aim of the validation procedure is to assess the numerical stability of the model
observing its global response and the behaviour of the single parts.
The Validation Roadmap, as reported in the technical report, is developed for a vehicle
of small dimensions with an independent suspension system, such as a car of 900 kg.
The tests to be performed in order to validate the model are shown in table 2.7. Each
test is briefly explained in annex C of TR 16303-2.
Part 4 defines the validation and verification process as defined and regulated within
EN 1317. Here the acceptance criteria in order to certify the numerical model reliability
are listed.
In this work of thesis, it has been preferred to adopt the updated acceptance criteria
presented in the draft EN 1317-5, paragraph 2.1.
One of the reason of using the draft EN 1317-5 is that it contains the updated comparison
criteria that have been previously tested and verified.
14
European Standard and Reference Documents
N° Type of simulation Scope of simulation Results to be provided
1.1 Isolated suspension Verify the correct behaviour of both
the shock absorber and the failure
of the system
Animation showing the movement of the
suspension. Load deflection history of the
load transferred to the wheel.
Wheel orientation versus time
1.2.1 Suspension load. Each wheel
must be loaded separately.
Verify suspension kinematics and
loading unloading capabilities.
Animation showing the movement of the
suspension. Load deflection history of the
load transferred to the wheel.
Uncoupling of shaking / steering
movement (for front wheels).
Wheel orientation versus time
1.2.2 Suspension load. Frontal sus-
pension and rear suspension
wheel must be loaded sepa-
rately. Symmetrical load
Verify suspension kinematics and
loading unloading capabilities.
Animation showing the movement of the
suspension. Load deflection history of the
load transferred to the wheel.
Suspensions coupling due to stabi-
lizer bar.
Wheel orientation versus time
1.2.3 Suspension load. Frontal sus-
pension and rear suspension
wheel must be loaded sepa-
rately. Non-symmetrical load
Verify suspension kinematics and
loading unloading capabilities
Animation showing the movement of the
suspension. Load deflection history of the
load transferred to the wheel.
Wheel orientation versus time
2.1 Vehicle in idle To verify stability of the vehicle
model itself
Acceleration time histories.
Kinetic and total energy time histories.
3.1 Linear track. To verify stability of the vehicle,
steering and suspension system.
Acceleration time histories.
Kinetic and total energy time histories.
3.2 Circular track. To verify stability of vehicle, steer-
ing and suspension system
Acceleration time histories.
Kinetic and total energy time histories.
4.1 Curb testing: To verify stability of the suspension
and steering system
Acceleration time histories.
Both front wheels Kinetic and total energy time histories.
4.2 Curb testing: To verify stability of the suspension
and steering system
Acceleration time histories.
Both rear wheels Kinetic and total energy time histories.
4.3 Curb testing: To verify stability of the suspension
and steering system
Acceleration time histories.
Right front wheel Kinetic and total energy time histories.
4.4 Curb testing: To verify stability of the suspension
and steering system
Acceleration time histories.
Left front wheel Kinetic and total energy time histories.
4.5 Curb testing: To verify stability of the suspension
and steering system
Acceleration time histories.
Right rear wheel Kinetic and total energy time histories.
4.6 Curb testing: To verify stability of the suspension
and steering system
Acceleration time histories.
Left rear wheel Kinetic and total energy time histories.
5.1 Full scale crash against a rigid
wall
To verify the capability of suffering
strong deformations
Acceleration time histories.
Kinetic and total energy time histories.
5.2 Full scale crash against a de-
formable barrier.
To verify the capability of represent-
ing the interaction with a real bar-
rier.
Comparison with experimental results ac-
cording to the Validation Roadmap
Table 2.7: Validation Roadmap [Source: TR 16303-2]
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Development and Improvement
of FE Vehicle Models
Three vehicle models are herein presented: a 13 ton coach1, a 1500 kg passenger car
named Neon1500 and a light passengers car of 900 kg named GeoMetro. The vehicle mod-
els used are freely available from the companies that developed them, NPRA for the coach,
NCAC for the Neon1500 and Politecnico di Milano for GeoMetro.
The models herein presented are specifically developed for full scale test simulation.
This type of vehicle models are generally less detailed than those used for other applica-
tions, such as EuroNcap, in order to obtain a computationally cost-effective tool for the
analyses of different crash scenario.
The original Finite Element models of the coach and the Neon1500 needed some im-
provements in order to be more robust and improve their behaviour during the impact.
Particular care have been given to mesh quality, connections modelling, mass distribution
and dynamic behaviour of the vehicle.
In general, mesh size shall be a trade-off between the need for geometrical and numerical
accuracy and computational cost. Refined mesh helps to avoid possible instabilities giving
a better accuracy but it requires a smaller time step. On the other hand large elements
guarantee a higher time step but a lowered model accuracy. In order to take into account
all these aspects, where possible, a refined mesh has been created in the parts involved in
the impact while a coarse mesh has been used for the other parts.
Due to the nature of the models, connection structures have been simplified maintaining
their functional duty. The used methods are merging nodes, stitching two parts with
spotweld element and fixing two or more parts by means of rigid constraints.
Moreover, vehicle components with negligible deformations, such as engine block or the
gearbox, have been model with rigid material. This allow to reduce simulation cost since
Ls-Dyna bypasses rigid element processing without storing their history variables [8].
1A well equipped single-decker bus used for longer journeys. In this thesis it is often simply
called bus.
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3.1 Coach
The coach is a Vest Contrast coach, produced by the Norwegian company Vest. The
first numerical model was developed by NPRA, on the original technical drawing provided
by the producer in 2008.
Figure 3.1: Coach Model
The coach numerical model is organized in a modular structure including a main file
that recalls all files containing the subcomponents. The division is based on the natural
composition of the vehicle. The organization of the structure is reported in Annex I.
The initial version of the bus has been debugged and many components of the model
have been upgraded. The main improvements can be divided into three main areas:
• Interior Structure This includes all improvements related to parts of the structure
that are not directly in contact with the barrier when impacting. Generally they
contribute to increase the level of detail or the general vehicle dynamic of the model
such as the addiction of the seats rail.
• External Structure This includes all improvements aimed to have a better contact
between the vehicle and the vehicle restrain system. This section includes geomet-
rical improvements such as the frontal step and the frontal optical unit. It also
includes modelling components such as the strengthening of the external structure
and the re-design of the frontal panel.
• Suspension and Steering Systems This includes the updating of the model of
suspension system and a new wheel model.
Finally section 3.1.2 contains the modifications related to the updated mass distri-
bution and the consequent re-loading of the suspension system.
3.1.1 Vehicle Description
The model consists of 125327 nodes, 119237 shell elements, 8180 solid elements and
1032 beam elements. Shell elements of the impact area have an average width of 18mm
while a coarse mesh has been used for parts not directly involved in the impact. Coach
shell elements are modelled mostly using the membrane formulation with two integration
points through shell thickness.
The vehicle is essentially made of low strength steel with exception of the roof and
upper part of the pillars made of aluminium and front covers made of plastic material.
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The metallic material properties and behaviours are well known and therefore are not
detailed reported.
Table 3.2 summarizes the main characteristics of the coach FE model, in its final con-
figuration, in regard to what prescribed by European standard EN 1317-1.
Figure 3.2: Coach Dimensions
Standards FE Model
Dimensions [m]
Wheel Base, WB --- 6.8
Vehicle Length, L --- 12.8
Vehicle Width, W --- 2.5
Vehicle Height, H --- 3.1
Front Overhang, FO --- 2.57
Rear Overhang, RO --- 3.43
Wheel Track 1.50± 15% 1.44
Centre of Gravity [m]
CGX 3.80± 10% 3.989
CGY ±0.10 0.003
CGZ --- 1.198
Vehicle Mass [kg] 13000± 400 12972
Table 3.1: Coach Specifications
The total vehicle mass reported in table 3.1 does not include the percentage of non-
physical mass added by the mass scaling effect. Using a time step of 1.7e − 6, the total
mass is increased of 2.27 %, so it reaches the value of 13266 kg.
The coach model can be divided into three main subsystems: front suspensions and
tyres assembly with steering system, rear suspensions with coupled tyres assembly and
the whole bus structure. The latter is then divided in interior and external structure.
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The Interior Structure
The interior structure includes chassis and seats. The chassis is a trellis frame supporting
all vehicle components. This type of chassis is nowadays quite common for coaches due
to the high flexibility of the structure design. Figure 3.3 shows the real and the modelled
chassis.
(a) Example of Trellis
Chassis
(b) Chassis Numerical Model
Figure 3.3: Coach Chassis
During the present thesis work, two main improvements have been made. First, the
connection between the chassis ad the external pillar has been revised using coupled shells
(one on the chassis and one on the pillar) belonging to a single rigid part. Second, the seats
and their connection to the bus structure have been improved in order to better describe
the real bus structure and load distribution. A track beam has been added on both sides
of the structure to support and transfer the loads given by the seats and passengers. Four
panels, representing the rail, has been modelled and rigidly connected using nodal rigid
body to the vehicle external structure. The same constraint type is used to link the seats
in their correct location to the panels. This represents a big improvement compared to
the original model, figure 3.4 (a), where the seats were simply connected to the passenger
floor producing an unrealistic load distribution.
(a) Previous Coach Seats (b) Updated Coach Seats
Figure 3.4: Seats Configuration
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The External Structure
The external structure consists of a series of rectangular pillars connected by short
beams and the bodywork. All components are modelled with shell elements, using steel
material for the lower part and aluminium for the roof and the upper structure.
Figure 3.5: External Structure Frame
The most critical part is the frontal impact area. Here it is where high stresses and
deformation can be found during impact and where previous crash analyses shown some
instability phenomena. The frontal step, the frontal panel and the optical unit have been
improved to reduce instability and allow a better contact between the barrier and the
model.
In order to avoid these instability phenomena, the initial configuration of the entrance
step has been totally revisited simplifying the model. Originally the step model was cut
letting the door slide inside the coach compartment while in this new version the step is
modelled as the door is opening sliding alongside the vehicle side-wall. The step is then
extended to the frontal panel and the added mesh adapted to fit the existing one, figure 3.6.
(a) Previous Version (b) Updated Version
Figure 3.6: Step Configuration
For further enhancement the connection between the outside and the inside parts of the
bus, the step has been lowered too. In this way the inside structure lays perfectly on the
outside and it has been possible to connect it with spotwelds.
In addiction, a missing step support has been added below the step to strengthen the
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step area. This component is made of three C-shaped section bars, one longitudinal and
two perpendicular, made of steel with a section of 7mm.
In order to reproduce the real spot welding, the step support is linked to the bottom
panel of the bus using the spotweld card implemented in LS-Dyna [9].
(a) Step Reinforcement
(b) Step Reinforcement Model
Figure 3.7: Step Reinforcement
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The frontal coach panel, originally modelled as a unique part made of steel plate, has
been re-meshed and divided into two parts: the upper part, left to the original material,
and the lower part modified into a plastic material. Polypropylene has been chosen: a
thermoplastic polymer typically used for vehicle bumpers and radiator protection. The
material has been reproduced using a plastic-kinematic constitutive law implemented in
LS-Dyna [8]. The properties of this material are listed in table 3.2.
Polypropylene
Type Polymer
Density [kg/m3] 910
Yield Stress [MPa] 32
Elastic Modulus [MPa] 1400
Tangent Modulus [MPa] 220
Poisson’s ratio ν 0.42
Table 3.2: Polypropylene Properties
Further improvements have been added regularizing the mesh and strengthening the
frontal panel using beam along the contours.
(a) Previous Model (b) Updated Model
Figure 3.8: Mesh Comparison Frontal Panel
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The external body of the bus has been reinforced with flaps modelled using shell ele-
ments.
Figure 3.9: Flaps and Beam Frame Reinforcement
Finally the frontal optical unit has been modified. This is a critical area being the one
primarily involved in the impact.
Previous crash test simulations shown that the deformation of the headlights were higher
than the one shown in experimental tests. The main reason of this behaviour was found
in the lack of the inside part of the headlights. Therefore two rigid parts have been added
as filler, see figure 3.10.
Figure 3.10: Optical Unit
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Suspension and Steering Systems
The dynamic behaviour of the model is strictly correlated to its suspension systems.
That is why it is necessary to accurately model both the suspension and the steering sys-
tem, including wheels.
The air-type suspension system is used to link the axles to the chassis and make the
trip comfortable for passengers also on a ruined street. Springs and dampers are the main
components of the suspension system. The springs absorb the shock due to the irregu-
lar ground while the dampers control the displacement rate of the spring. Springs and
dampers are modelled using discrete elements. The model contains also spring stoppers
that block the displacement in compression/extension of the suspension over a certain
value, simulating the suspension end of run. Figure 3.11 shows the final configuration for
the frontal and rear suspension including axles and wheels.
(a) Front Suspension System
(b) Rear Suspension System
Figure 3.11: Coach Suspension Systems
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This suspension system is classified as a dependent suspension system. It means that
wheels placed on the same axle move dependently of each others. Therefore when the
camber of one wheel changes, the camber of the opposite wheel changes in the same way.
The original damping curves have been compared with others used in technical studies
of 13 ton bus [10],[11]. This comparison for both frontal and rear suspensions has shown
that the original curves are quite similar to the other ones used as reference. At the end
they have been slightly adjusted to perform a better damping behaviour. The damping
curves have been updated only in their negative domain following the reference studies
and kept unchanged in the positive domain. Figures 3.12 (a) and (b) show the damping
curves of the final configuration and the comparison with previous and reference curves.
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Figure 3.12: Comparison of Damping Curves
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The springs of the suspensions have been object of much bigger revision. The original
springs modelled with a linear elastic material, have been updated to a non-linear formu-
lation. After a comparison, the new curves have been extracted from a bus model of the
same category of the one used in this thesis [11]. Figures 3.13 (a) and (b) show the curve
behaviour (stiffness) for the front spring and the rear one.
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Figure 3.13: Spring Stiffness Comparison
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Particular effort has been dedicated to improve the tyres model and their behaviour.
At first the tyres inflation was modelled with the simple airbag model implemented in
Ls-Dyna [8], typically used for light weighted vehicles.
The model has been modified dividing the tyres into three parts: metallic grid, flank and
tread, see figure 3.14. This configuration allows to assign a precise thickness and material
to each part. The flanc and the tread are both modelled with Mooney-Rivlin2 material
while the grid is modelled as a thin metal plate. The inflate pressure is modelled through
a pressure applied on each element of the metallic grid, in charge to carry the load.
(a) Metallic Grid (b) Flank (c) Tread
Figure 3.14: New Tyre Configuration
Part Thickness [mm]
Metallic Grid 0.2
Flank 10
Tread 20
Table 3.3: Tyre Specifications
A pre-load due to the inflation of the tyres has been also introduced. A simulation of
a linear track run with a speed of 70 km/h has been performed in order to extract the
position of the nodes of the tyres in the final instant t = 10 s. This configuration has been
loaded on the existent one. In this way it is possible to calculate stresses and deformations
of the new configuration respect to the initial one before the crash and to include the effect
of inflation of the tyres during the simulation.
2Mooney-Rivlin models are popular for modelling the large strain non-linear behaviour of
incompressible materials, i.e., rubber. Mooney-Rivlin models do not give any special insight into
material behaviour. They are merely curve-fits of various polynomials to test data.
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3.1.2 Mass Updating
Modifications carried on resulted into a different mass distribution and the modification
of center of gravity location. Table 3.4 reports the single contribution of each modified or
new parts.
Bus Part Part Status Mass [kg] Updated Mass [kg]
Seats Seats joint plate new -- 39,2Seats support changed 77,5 61,1
External Structure
Seats track new -- 182,6
Flaps reinforcement new -- 21,5
Beam new -- 1,3
Interior Structure
Solid Boxes new -- 840.43
Shell Boxes changed 300 80
Headlights new -- 1,4
Step reinforcement new -- 13,6
Floor reinforcement changed 378,2 378,7
Updated Added Mass 1619.8
Table 3.4: Updated Added Masses
As for the original model, CGX results out of the range permitted by the standard
without non-structural masses. Therefore non-structural masses are added in order to
restore the CGX position in the range outlined in the standard.
Instead of distributing non-structural masses on existing parts as in the previous model,
solid boxes are modelled and distributed in the inside structure, figure 3.15. Other non-
structural masses have been added on the seats in order to simulate sand-bags used during
real tests. This way of adding non-structural masses gives more degrees of freedom to the
experts in the mass adjustment and in the positioning of the center of gravity.
Figure 3.15: Aggregate Elements Distribution
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Bus Part Part Status Concentrated Mass [kg] Updated Concentrated Mass [kg]
External Structure
Roof frame changed 399.1 199.1
Roof panels changed 200.5 100.5
Interior Structure
Frame deleted 200 0
Frontal reinforcement deleted 180.5 0
Central chassis frame deleted 292.9 0
Sandbags new -- 2090
Updated Concentrated Mass [kg] 2389.6
Table 3.5: Concentrated Masses
The change of mass distribution and the introduction of new spring model required
to re-set the suspension system in terms of spring offset. The test performed to set the
correct offsets consists on running simulations where the only load that acts on the bus
is the gravity. To avoid the influence of the tyres, the coach has been constrained on
the front and rear axles blocking all the degrees of freedom. This allows to isolate the
behaviour of suspensions from the tyres deformation contribution.
This test has been carried on iteratively till the equilibrium condition. This is consid-
ered arbitrarily reached with a tolerance of ±5mm for this work of thesis.
This process is particularly difficult and time consuming for this vehicles where the sus-
pension system is dependent and the rear axle is made as a balance of four couple of spring
and dampers.
The final offset configuration is presented in figure 3.16 and 3.17.
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Figure 3.16: Front Spring Change in Length vs Time
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Figure 3.17: Rear Spring Change in Length vs Time
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3.2 Neon1500
The upgraded model of the Dodge Neon sedan has been selected to perform the crash
test against critical installation of restrain systems. The vehicle model has a total mass of
1500 kg and has been developed by NCAC and it was mostly used to study frontal impact.
It has been decided to upgrade this model for studying other type of crashes, than frontal
ones, because it was detailed enough and it was easier to improve it than to start from
scratch.
Figure 3.18: Neon1500 Model
Before the validation of the FE model, the vehicle has been improved to fulfil all the
requirements imposed by the standards for cars of 1500 kg. This category of cars is the
one of interest for the test of safety barriers presented in this work.
Also for the car it is possible to classify the improvements in two main areas:
• Length Adaptation Both the wheel base and the rear overhang have been enlarged
in order to gain more degrees of freedom to move the longitudinal position of the
center of gravity CGX .
• Mass Adjustment 3.2.2 Some non-structural masses have been added to increase
the total mass and adjust the position of the center of gravity. This section contains
also the updating of the suspension systems.
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3.2.1 Vehicle Description
Table 3.6 summarizes the geometrical characteristics of the modified FE model in regard
to what prescribed by European standard EN-1317.
Figure 3.19: Neon1500 Dimensions
Rear Overhang, RO [m] 1.00
Wheel Base, WB [m] 2.71
Front Overhang, FO [m] 0.86
Vehicle Length, L [m] 4.570
Vehicle Width, W [m] 1.63
Vehicle Height, H [m] 1.36
Vehicle Weight [kg] 1457.6
Table 3.6: Neon1500 Geometrical Characteristics
This model is the result of all the updating operations made on the previous version.
The comparison between the original and the updated models is shown in the table 3.7.
Standards Dodge Neon Model 1500kg Model
Dimensions [m]
Wheel track 1.50± 15% 1.44 1.44
Wheel Base --- 2.64 2.71
Rear Overhang --- 0.858 1.003
Total Length --- 4.350 4.570
Centre of Gravity [m]
CGX 1.24± 10% 0.88 1.164
CGY ±0.08 0.0074 0.014
CGZ 0.53± 10% 0.210 0.531
Vehicle Mass [kg] 1500± 75 1100 1457.6
Table 3.7: Original and Updated Model Specifications
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The car model is made of 297621 nodes, 271299 shell elements, 2852 solid elements and
62 beam elements. Car model has a generally dense mesh everywhere, with an average
shell element width of 14mm in the impact area. Neon1500 shell elements are modelled
mostly using the membrane formulation with three integration points through shell thick-
ness.
The material of vehicle structures is mostly steel, of which the property and behaviour
are well known.
The car model can be divided into three main subsystems: front suspensions with wheel
assembly and steering system, rear suspensions with wheel assembly and the car structure.
The latter consists on the body and the chassis that are combined in the same unit in
order to be robust and light at the same time.
Length Adaptation
Parameters of real cars used in other barrier crash tests have been investigated to modify
the Neon FE model. In this section all the improvements related to geometry, masses and
stability are listed. The aim of the changes is to increase the mass of the car till 1500 kg
respecting the requirements on the position along the longitudinal axes of the center of
gravity (CGX).
Graph 3.20 shows the CGX of the Dodge Neon, both of the original and the upgraded
model, compared to those of other vehicles. The original CGX is extremely advanced
respect to the one of the other cars. This has required to modify the vehicle geometry and
mass accordingly. CGZ does not require further modifications.
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Figure 3.20: CG Comparison
As stated in the standards EN 1317-1, the wheel base is the distance between the
centres of tyre contact of the two wheel on the same side of the vehicle, projected onto
the longitudinal centreline of the vehicle [5].
For cars of 1500 kg there are not requirements about this parameter to be fulfilled.
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The decision taken to increase the wheel base is due to the necessity of moving the CGX
towards the back and being closer to real car values of this size. In the table 3.8 there is
the comparison of the cars taken as reference. The average wheel base is of 2715mm.
Car Model Wheel Base [mm]
Ford Taurus 2750
Dodge Neon 2630
Volvo 204 (1983) 2630
Volkswagen Passat (2005) 2710
Volkswagen Passat (2004) 2725
Volkswagen Passat (2002) 2720
BMW 525i (1989) 2770
BMW 325 tds S.W. (1996) 2700
BMW 530i (1996) 2760
Table 3.8: Wheel Base Comparison
The rear overhang is the distance between the rear wheels axes and the most backward
point of the rear bumper. The average rear overhang of the cars used as references is
1060mm.
Car Model Rear Overhang [mm]
Ford Taurus 996
Dodge Neon 858
Volvo 204 (1983) 1190
Volkswagen Passat (2005) 1020
Volkswagen Passat (2004) 1040
Volkswagen Passat (2002) 1075
BMW 525i (1989) 1100
BMW 325 tds S.W. (1996) 1000
Table 3.9: Rear Overhang Comparison
It was decided to elongate the trunk of 142mm towards the back, bringing the rear
overhang from 858mm to 1000mm. The translation of the trunk is the same executed
for the wheel base. Figure 3.21 shows the elongation of 70mm of the wheelbase and of
142mm of the trunk.
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Figure 3.21: Wheel Base and Trunk Improvements
The car suspension system is classified as independent, therefore each wheel is allowed
to rise and fall on its own without affecting the opposite wheel.
Figure 3.22: Neon1500 Suspension System
All the vertical spring suspension of the car are modelled with a linear behaviour. The
elastic stiffness constant is of 120N/mm.
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Figure 3.23: Vertical Spring Curve
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3.2.2 Mass Updating
The geometrical modifications performed give a contribution of 40 kg to the increase of
total mass.
In order to reach the final mass range for a 1500 kg car, non-structural masses have been
added. New masses are added both on the lower part of the chassis and on the upper part
of the structure. Further masses are added to simulate the dummy, the driver seat and
the spare wheel into the trunk. Other added masses reproduce the rear seats and the test
equipments. All the added masses are listed in the table 3.10.
Added masses Mass [kg]
Driver Seat and Dummy 75.0
Pedal Equipment 10.00
Steering Equipment 30.00
Pax. Equipment 15.00
Rear Seats 55.00
Spare Wheel 26.2
Extended parts 40.00
Roof bow (a) 24.00
Front and rear floors (b),(c) 8
Roof bow (d) 16
Roof bow (e) 28
Lateral bows (f),(g) 24.00
Total Added Mass 251.2
Table 3.10: Added Masses
In the table 3.10 the parts with the letter label refers to the figure 3.24.
Figure 3.24: Non-Structural Mass Distribution
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Due to the change of total mass, the spring offsets has been re-set too. An iterative
process, similar to the one followed for the bus, has been carried on. Figure 3.25 and 3.26
show the final configuration.
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Figure 3.25: Front Spring Change in Length vs Time
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Figure 3.26: Rear Spring Change in Length vs Time
The initial transient is related to the application of the gravity force in Ls-Dyna. In
order to avoid this behaviour the vehicle can be preloaded before testing3.
3The dynamic relaxation card implemented in LS-Dyna can be used.
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3.3 GeoMetro
The GeoMetro, a light passenger car of 900 kg, has been developed and already validated
according to TR 16303 by the Politecnico di Milano.
3.3.1 Vehicle Description
Table 3.11 summarizes the geometrical characteristics of the modified FE model in
regard to what prescribed by European standard EN-1317.
Figure 3.27: GeoMetro Dimensions
Standards FE Model
Dimensions [m]
Wheel Base, WB --- 2.37
Vehicle Length, L --- 3.75
Vehicle Width, W --- 1.59
Vehicle Height, H --- 1.44
Front Overhang, FO --- 0.8
Rear Overhang, RO --- 0.58
Wheel Track 1.35± 15% 1.39
Centre of Gravity [m]
CGX 3.80± 10% 1.67
CGY ±0.10 0.01
CGZ --- 0.52
Vehicle Mass [kg] 900± 40 939.5
Table 3.11: GeoMetro Specifications
The car model is made of 31642 nodes, 26842 shell elements, 820 solid elements. Car
model has a generally coarse mesh everywhere, with an average shell element width of
28mm in the impact area. GeoMetro shell elements are modelled mostly using the fully
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integrated formulation with five integration points through shell thickness.
The material of vehicle structures is mostly steel, of which the property and behaviour
are well known.
The car model can be divided into three main subsystems: front suspensions with wheel
assembly and steering system, rear suspensions with wheel assembly and the car structure.
The latter consists on the body and the chassis that are combined in the same unit in
order to be robust and light at the same time.
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Validation Roadmap
The Validation Roadmap is a fundamental step in crashworthiness analysis.
In the last few years the CEN, European Committee for Standardization, has developed
a technical report which contains guidelines for crash test analysis referred to road restrain
systems TR 16303, section 2.2.
The Validation Roadmap includes several simple tests, table 2.7, made to ensure the nu-
merical stability and the capability of the numerical model to reproduce the real behaviour
of the structure.
The Validation Roadmap is primarily designed for a car of small dimension and with
an independent suspension system. In this thesis each test of the validation procedure has
been critically analysed and performed for a passenger car model. Moreover the procedure
has been fitted for a coach, highlighting the main differences from the car one. The tests
are presented in the same order they are listed in the validation scheme. No comparison
with physical data has been made except for the full scale test of crash against deformable
barrier. In fact, it has been adopted the point of view of a virtual lab with no access to
physical data.
In order to help the reader to clearly and fluently read the chapter only a part of the
output are explicitly presented. Repetitive graphs and configurations are therefore omit-
ted. Anyway, it is important to underline that all tests have been performed for each
subcomponent as requested by the technical report.
Finally, 17 tests for the coach and 19 tests for the car have been carried out to complete
the validation scheme. Some of them have been completed multiple times to define the
final configuration test and to improve the model accordingly to previous test results.
All acceleration and energy data reported in this chapter are filtered by filter type But-
terworth 60, included in Ls-Dyna Post-Processor.
According to the standard, the accelerations and other data used to calculate severity in-
dexes are filtered with a filter type Butterworth 180, included in Ls-Dyna Post-Processor.
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4.1 Isolated Suspension Test
A good modelling of the suspension system is necessary to reproduce the real behaviour
of a vehicle, during a lateral impact crash test. For this reason, the validation procedure
includes a set of tests focused on the suspension system. The first set of tests presented is
called “isolated suspension test”, test 1.1 of table 2.7.
The suspension test aims to analyse the behaviour of the suspension system during an
impact, verifying the correct behaviour of both the shock absorber and the failure of the
system. This is a component test where each suspension shall be isolated from the rest of
the vehicle. The suspension shall be impacted by a pendulum to demonstrate the energy
absorbing capability of the component.
The test described in the Validation Roadmap defines the impact speed without giving
further details about how to perform the test(s). In particular, the pendulum and the type
of impact are not described. Due to this lack of information, it has been decided to consider
a worst case scenario where the entire suspension system impacts with a prescribed speed
against a cubic fixed obstacle, made of rigid material. According to the standard, three
tests have been performed for the bus and the car.
The tests performed for the coach are:
• Front axle against fixed obstacle
• Rear axle against fixed obstacle
• Vertical impact against fixed obstacles
In all the tests performed the system impacts with a speed of 10m/s. Moreover for the
bus it is investigated also the tyre impact of the right front and rear wheels against the
fixed obstacle.
The tests carried on for the car are:
• Front right and left tyres impact against fixed obstacle
• Rear right and left tyres impact against fixed obstacle
• Vertical impact
In all the tests performed the system impacts with a speed of 10m/s.
It is very important to reproduce the correct inertia of the vehicle for the way the tests
are performed therefore the tests are performed with the entire vehicle model. The contact
is given only between the axle and the fixed obstacle because the standard impose to study
only the behaviour of the suspension system.
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4.1.1 Test Observations
This set of tests shall require more detailed descriptions; in particular it would have
been useful to have a better description of the concept of pendulum. Moreover the de-
scription of the mass used in the test and the information related to the energy involved
in the impact are missing.
Lacking any further information on the mass of the pendulum, a crash test against a
fixed obstacle has been performed. In this way it is possible to reproduce a worst case
scenario of a real impact condition. The entire vehicle has been used to reproduce the
maximum energy available for a vehicle launched at a determined speed value. The con-
tact is given only between the obstacle and the axle involved in the impact.
An enhancement of the standard should take into account the specifications of the mass
(pendulum) or the energy of the impact.
Different tests shall be performed for vehicles with dependent and independent suspen-
sion systems. For the former two type of impact should be investigated: impact against
the axle connected to the suspension system and the impact against one of the wheel.
For the latter, where there is not any axle connecting the left and right suspension, the
impacts is directly on the tyre.
Finally these tests would be much more significant having experimental tests to which
compare virtual results. According to the standard, the description of the test does not
mention the presence of the wheel since it is an “isolated suspension test”. This is in con-
trast with the required outputs in which is required the “wheel orientation versus time”. In
this work of thesis the attention is focused on the suspension behaviour therefore the tests
have been carried on as explained in the paragraph 4.1.2. The only condition in which it
is useful to use the entire wheel assembly is to verify the rupture when experimental data
are available to compare the results.
The Validation Roadmap does not present any explanation for the speed of 10m/s. The
only possible reason is that the value of 10m/s is the projection of the velocity (110 km/h)
along the direction perpendicular to the safety barrier with an angle of 20°1. Therefore a
suggestion is to perform the test with an impact bus speed of 6.7m/s, that is the velocity
projection (70 km/h) along the direction perpendicular to the safety barrier with an angle
of 20°2.
Note: the test reported are performed with a speed value of 10m/s, according to the TR
document.
The last test performed, vertical impact against fixed mass, is probably redundant. The
spring behaviour can be checked with the suspension and handling simulation (test 1.2)
while the dynamic behaviour, including the work of the absorber, can be analysed with
the curb test (test 4 table 2.7).
1Test TB32, EN 1317. The test conditions are speed of 110 km/h and impact angle of 20°.
2Test TB51, EN 1317. The test conditions are speed of 70 km/h and impact angle of 20°.
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4.1.2 Test Analysis and Results
Coach
The tests have been performed on both front and rear suspension system. Even if the
entire model of the bus has been used, the contact is only given between the fixed obstacle
and the axle involved in the impact. The front suspension system consists of the front
axle, the right and left air springs and dampers. The rear suspension system consists of
the rear axle, the two branches and the four (two right and two left) springs and dampers.
Also the vertical impact against fixed obstacle is performed with the entire vehicle to
reproduce the correct inertia of the vehicle.
Front Axle Against Fixed Obstacle The front axle deforms plastically during
the impact and the suspension system absorbs the energy of the impact without failure.
The contact force between the rigid obstacle and the front axle is shown in the graph in
figure 4.1 (a). Figure 4.1 (b) shows the Von Mises stresses on the front axle at maximum
load. The Von Mises stress exceeds the yield stress of the material used for the axle, which
is 610MPa.
Figure 4.1: Coach - Front Axle Against Fixed Obstacle
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Rear Axle Against Fixed Obstacle The rear axle is mainly modelled with rigid
material. Consequently the stresses and the related deformations are distributed on the
deformable axle branches. The Von Mises stresses are especially concentrated on the
frontal part of the axle branches where they exceed the material yield stress of 450MPa.
The branches deform plastically without failure.
The contact force between the rigid obstacle and the rear axle is shown in the graph in
figure 4.2 (a). Figure 4.2 (b) shows the Von Mises stresses on the rear axle at maximum
load (t = 0.01 s). The contact between two rigid parts, such as the obstacle and the axle,
is not well reproduced by the software Ls-Dyna therefore the contact force curve is quite
noisy.
Figure 4.2: Coach - Rear Axle Against Fixed Obstacle
Vertical Impact Against Fixed Obstacle The test has been carried out posi-
tioning two fixed obstacles below the front and rear axles and making the bus falling on
them. The contact is given only between the axles and the fixed obstacles.
The most interesting aspect of this test is to assure the correct behaviour of the vertical
springs and dampers.
The simulation shows the impacting sequence: the coach falls on the fixed obstacle at
10m/s. Due to the structural configuration, the rear axle impacts at first against the rear
obstacle. After that, the front axle impacts against the second obstacle and the whole bus
bounces pivoting on the rear axle, due to the gravity applied on it. This explains why
the rear load deflection curves, figure 4.4, have a smaller range of displacement compared
to the front load curve Figure 4.3. The front springs work both in compression and in
extension.
As expected, the load deflection curve of the simulation follows the theoretical one.
Right and left suspensions are modelled using the same material curve and they have
really similar offset therefore only left springs results are shown in figures 4.3 and 4.4.
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Figure 4.3: Coach - Vertical Impact Load Deflection Curve Front Right Spring
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Figure 4.4: Coach - Vertical Impact Load Deflection Curve Rear Right Springs
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Tyre Impact The test has been performed only on the front suspension system to
show another way to perform the impact test between the axle and the fixed obstacle. In
this test the wheel assembly impacts against the obstacle in the bus travel direction with
the speed of 10m/s. Also in this case the entire coach has been used in order to reproduce
the correct inertia of the vehicle.
This test should be an alternative solution to the test performed with the impact be-
tween the obstacle and the axle, paragraph 4.1.2. The tyre impact test should be per-
formed when experimental data are available in order to compare the structure behaviour
and the different failure(s) of the numerical model with the physical one. Anyway for a
dependent-type suspension system both the tyre and axle impact against fixed obstacle
allow to study the failure of the suspension axle.
Only the results of the right wheel are herein reported.
The test sequence shows the tyre exploding after the impact and the front axle deforming
plastically, picture 4.5. The Von Mises stress exceeds the yield stress of the material used
for the axle, which is 610MPa.
Figure 4.5: Coach - Von Mises Stress Front Right Tyre Impact
49
Chapter 4
Neon1500
The tyre impact tests for the car have been performed for each suspension and the
related wheel assembly. In these tests the wheel impacts against the obstacle in the car
travel direction with the speed of 10m/s. Also in this case the entire car has been used
in order to reproduce the correct inertia of the vehicle.
Only the results of the left wheels are herein reported.
Figure 4.6: Neon1500 - Tyre Impact
Front Left Tyre Impact The tyre explodes after the impact and the front left control
arm deforms plastically. The Von Mises stress exceeds the yield stress of the material used
for the arm, which is 370MPa. The Von Mises stress distribution during the impact
(t = 0.04 s) is shown in figure 4.7.
The wheel does not shear off from the suspension as it would probably happen in an
experimental test because this type of failure has not been modelled.
Figure 4.7: Neon1500 - Von Mises Stress Front Left Tyre Impact
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Rear Left Tyre Impact The tyre explodes after the impact with the rim, the central
support and the metallic joint for spring and dampers deform plastically. The Von Mises
stress exceeds the yield stress of the materials used for these parts, which is 400MPa.
The Von Mises stress distribution during the impact (t = 0.03 s) is shown in figure 4.8.
Figure 4.8: Neon1500 - Von Mises Stress Rear Left Tyre Impact
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Vertical Impact This test has been performed with the car that reaches the pavement
with a vertical speed of 10m/s. Assuring the correct behaviour of the vertical springs is
the most interesting aspect of this test. The load deflection curve of the simulation follows
the theoretical one, see graph 4.9. Only the results related to the right front and rear
springs are shown.
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Figure 4.9: Neon1500 - Vertical Impact Load Deflection Curve Right Springs
4.2 Suspension Test
The second set of tests dedicated to the control of the suspension system is called “sus-
pension test”, test 1.2 of validation procedure, see table 2.7. The aim of the tests is to
verify the suspension kinematics and loading/unloading capabilities.
This part of the validation of the suspension system requires three static tests. According
to the validation procedure, a load must be applied to a surface pushing the wheel up to
the bottoming of the shock absorber. Anyway this test shall be dedicated to the analyses
of the suspension system behaviour and in this view the wheels only introduce a filter
between the applied load and the suspension reaction. This means that due to the tyre
deformation the springs require more time to reach their end stop. Therefore it has been
decided to apply the load directly on the axle for the model with dependent suspension
system and on the control arm for the model with independent suspension system.
According to the standard the tests performed are:
• Symmetric Load Test;
• Single Load Test;
• Asymmetric Load Test.
The single load test has been also performed loading the suspension pushing the wheel
with a rigid surface in order to verify the relationship between steering and suspension
system. Both front and rear suspension systems are isolated from the whole vehicle before
carried out the tests.
52
Validation Roadmap
The validation procedure requires correlation with experimental tests. Not having phys-
ical tests, the output of the virtual tests is compared with the theoretical curves in order
to verify that the suspension is correctly modelled.
4.2.1 Test Observations
The test explanation could be improved in the overall description. In particular it would
have been useful to have the information about the load rate application or a duration
time (for this work of thesis fixed to 10 seconds for the bus and 5 seconds for the car). As
last, the suggested load value of 4000N cannot be taken as reference. In order to perform
the test the offset of each spring is obtained from the idle test and then, knowing this
value the maximum applied force has been extracted from the theoretical curve.
This set of tests shall allow to verify the correct behaviour of the suspension system
and therefore the wheels should not be included. Eventually a single test to verify the
suspension-steering system behaviour can be added.
The most meaningful test is the single load test because it allows to verify the behaviour
of each suspension component and eventually the relationship between the right and left
suspension.
The behaviour of the left and right suspensions for a vehicle with dependent suspension
system, such as the coach model, is related. This means that the number of tests could
be reduced in a view of saving the number of tests.
Moreover, the symmetrical load test configuration could be considered as a redundant test
if the system behaves as expected applying the single load.
The asymmetrical load test is the one of less interest because it reproduces a non-realistic
situation. The behaviour of the suspension when expanding can be verify during the curb
test, section 4.6.
4.2.2 Test Analysis and Results
Coach
The front and rear suspension systems of the coach, including wheels, are isolated from
the rest of the vehicle. The front suspension system consists of the front axle, the right
and left air springs and dampers. The rear suspension system consists of the rear axle,
the two branches and the four (two right and two left) springs and dampers.
The force is applied for a time of 10 seconds. The interval of time for the test is
chosen in order to apply the load in a quasi-static manner. The force applied increases
linearly from the value corresponding to the spring offset to the value corresponding to
the maximum compression. The front and rear suspensions have different application rate
due to different pre-load and final force, figure 4.10.
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Figure 4.10: Coach - Applied Force
The load configuration for the rear suspension system is the result of an evaluation in
terms of system deformation between two different configurations. In the first configuration
the load is applied on the rigid part of the axle while in the second, the load is applied on
the lower surface of the axle as shown in figure 4.11.
(a) Load Applied on Rigid Part (b) Load Applied on Lower Axle
Figure 4.11: Load Application Point
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The deformation and Von Mises stresses distribution of the axle at the spring end-stop,
in the two load configurations, is shown in figure 4.12 and 4.13. The end-stop is reached
in 1.88 seconds when the load is applied on the rigid part and in 1.53 seconds for the axle
loaded on the lower surface.
Figure 4.12: Von Mises Stress, Left View
Figure 4.13: Von Mises Stress, Top View
Based on these results the load will be applied on the rigid part of the axle in all further
tested cases. This configuration allows avoiding high deformation and stress concentration
nearby the application point. Moreover it avoids almost any plastic deformation of the
axle branches.
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Symmetric Load This test corresponds to test number 1.2.2 of table 2.7. A sym-
metric load is linearly applied under the connection point between the axle and the
spring/absorber for the front suspension and between the axle and the branches for the
rear suspension. Test configuration is shown in figure 4.14.
Figure 4.14: Coach - Symmetric Applied Load
As expected, the springs behave accordingly to the theoretical curves set in the model.
Figure 4.15 and 4.16 show the theoretical and simulated behaviour of the suspension.
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Figure 4.15: Coach - Load Deflection Curve Front Suspension Spring
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Figure 4.16: Coach - Load Deflection Curve Rear Suspension Spring
Single Load This test corresponds to the number 1.2.1 of table 2.7. A single load is
linearly applied under the connection point between the axle and the spring/absorber for
the front suspension and between the axle and the branches for the rear suspension. The
test is performed for the left suspension to avoid duplication of tests. Obviously, in case
of different curve/suspension systems, this test shall be repeated for both left and right
side. Test configuration is shown in figure 4.17.
Figure 4.17: Coach - Single Applied Load
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As expected, the springs behave accordingly to the theoretical curves set in the model.
Figure 4.18 and 4.19 show the theoretical and simulated behaviour of the suspension.
−250 −200 −150 −100 −50 0 50
−4
−3.5
−3
−2.5
−2
−1.5
−1
−0.5
0
0.5 x 10
5
Change in Length [mm]
F 
[N
]
 
 
K theoretical
K Discrete Element 208253
K Discrete Element 208255
Figure 4.18: Coach - Load Deflection Curve Front Springs
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Figure 4.19: Coach - Load Deflection Curve Rear Springs
When the load is applied to the left suspension, the right one follows the movement
due to the overall connection, see figure 4.20. The left and right suspension displacement
are shown in figure 4.21. Due to the fact that these simulations are performed without
the undeformed tyres configuration, the springs tend to open in the first instant of the
simulation.
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Figure 4.20: Coach - Single Load Sequence
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Figure 4.21: Coach - Change in Length Front Springs Comparison
Single Load with Plate This test has been carried out as described by the TR
16303, it is again test number 1.2.1. The suspension is loaded using a rigid plate acting on
the tyre deformable surface. The plate pushes up the tyre and consequently the suspension
axle. The test is controlled in force applying the same load with the same rate of the test
with the load applied on the axle. Applying the load on the tyre, this shall first deform
before the axle moves and the load is transmitted to the suspension. Obviously, the
load conditions can affect the tyre deformation and consequently the load distribution on
the wheel-axle assembly. At the end, independently on the load settings the suspension
deforms in accordance with the theoretical curves.
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(a) Test Configuration
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(b) Stiffness Curve
Figure 4.22: Coach - Single Load with Plate
Asymmetric Load This test corresponds to the number 1.2.3 of table 2.7. An
asymmetric load is linearly applied under the connection point between the axle and
the spring/absorber for the front suspension and between the axle and the branches for
the rear suspension. A positive, upwards, load is applied on the right suspension and a
negative, downwards, load is applied on the left suspension. Test configuration is shown
in figure 4.23.
Figure 4.23: Coach - Asymmetric Applied Load
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As expected, the springs behave accordingly to the theoretical curves set in the model.
Figure 4.24 and 4.25 show the theoretical and simulated behaviour of the suspension.
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Figure 4.24: Coach - Load Deflection Curve Front Springs
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Figure 4.25: Coach - Load Deflection Curve Rear Springs
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Neon1500
The front and rear suspension system of the car, including wheels, is isolated from the
rest of the vehicle. Each suspension consists of the wheel assembly, knuckle, control arm
and spring and damper.
The load is applied for a real time of 5 seconds. The interval of time for the test is
chosen in order to apply the load in a quasi-static manner. The force applied increases
linearly from the value corresponding to the spring offset to the value corresponding to
the maximum compression. Each car suspension has a different stroke; four different loads
are applied to each wheel. In the table 4.1 the maximum applied force on each suspension
is shown.
(a) Front Suspensions (b) Rear Suspensions
Figure 4.26: Front and Rear Suspension Test
Maximum applied force [N]
Front Suspensions Right 38754Left 38779
Rear Suspensions Right 49294Left 49346
Table 4.1: Neon1500 - Applied Force
As expected, the springs behave accordingly to the theoretical curves set in the model.
It has been decided to report only the graph of the front right spring, since the behaviour
is the same for all of them. The only divergence between the different tests is represented
by the change in length range that depends on the applied load. Figure 4.27 shows the
theoretical and simulated behaviour of the right suspension.
62
Validation Roadmap
−120 −100 −80 −60 −40 −20 0 20−16000
−14000
−12000
−10000
−8000
−6000
−4000
−2000
0
2000
4000
Change In Length [mm]
F 
[N
]
 
 
K test
K theoretical
Figure 4.27: Neon1500 - Load Deflection Curve Front Right Spring
The sequence of the single load applied on the right front tyre of the car is shown in
figure 4.28.
Figure 4.28: Neon1500 - Single Load Sequence
Single Load with Plate This test has been carried out as described by the TR
16303, it is again test number 1.2.1. The suspension is loaded using a rigid plate acting
on the tyre deformable surface. The plate pushes up the tyre and consequently its related
control arm, spring and damper. The test is controlled in force applying the same load
with the same rate of the test with the load applied on the control arm. Applying the
load on the tyre, this shall first deform before the axle moves and the load is transmitted
to the suspension. Obviously, the load conditions can affect the tyre deformation and
consequently the load distribution on the wheel-suspension assembly. At the end, inde-
pendently on the load settings the suspension deforms in accordance with the theoretical
curves.
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(a) Test Configuration
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(b) Stiffness Curve
Figure 4.29: Neon1500 - Single Load with Plate
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Graph in figure 4.30 shows the wheel orientation versus time.
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Figure 4.30: Neon1500 - Wheel Orientation vs Time
4.3 Vehicle in Idle
According to the validation procedure the “vehicle in idle” test aims to assess the
stability of the vehicle model. This is test 2.1 of table 2.7. This test is performed with the
vehicle model at rest and the load related to the force of gravity applied on all parts.
The Validation Roadmap specifies the interval of simulated time as the one needed to
complete the crash analyses against the safety barriers. The outputs of the test are the
acceleration time history and the energy balance.
4.3.1 Test Observations
The idle test is very useful to understand the system stability. It also allows to verify if
undesired deformations appear under the action of the gravity.
Both acceleration and energies can be affected by small instability and sometimes model
setting, such as suspension offset or structure deformation. A pass/fail criterion on the
acceleration value can be proposed fixing the acceptable range of ±5G. While the pass/
fail criterion on the energy should allow a maximum increase of total energy of the 5%.
4.3.2 Test Analysis and Results
Coach
The coach model lies at rest under the load of the gravity. Figure 4.31 shows the
accelerations time history computed by the accelerometer positioned near the centre of
gravity.
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Figure 4.31: Coach - Acceleration Idle Test
Figure 4.32 shows the energy balance (total, internal and kinetic energy) of the coach in
idle. A slight increase of the total energy is found caused by an increase of kinetic energy.
The non-zero kinetic energy is related to the external work by the inflation of the tyres
and the suspension offsets. The percentage increase of total energy is less than 5%, this
has been considered acceptable for vehicle in idle.
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Figure 4.32: Coach - Energy Idle Test
Performing the simulation starting by a preloaded configuration could be a possible
solution to avoid the contribution of kinetic energy3.
3The dynamic relaxation card implemented in Ls-Dyna could be used.
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Neon1500
The passenger car model lies at rest under the load of the gravity. Figure 4.33 shows
the accelerations time history computed by the accelerometer positioned near the centre
of gravity.
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Figure 4.33: Neon1500 - Acceleration Idle Test
Figure 4.34 shows the energy balance (total, internal and kinetic energy) of the pas-
senger car in idle. The total energy is almost zero. The influence of the force of gravity
and external work related to the tyres inflation gives a non-zero and variable value of
total energy. Performing the simulation starting by a pre-loaded configuration could be a
possible solution to avoid this phenomenon.
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Figure 4.34: Neon1500 - Energy Idle Test
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4.4 Linear Track Test
This linear track test is carried out to verify the stability of the vehicle and the behaviour
of the steering and suspension system in a dynamic configuration. This is test 3.1 of table
2.7.
According to the validation roadmap, the vehicle model must follow a linear trajectory
with an imposed constant longitudinal speed. The trajectory must be followed for more
than 30m at constant speed of 100 km/h.
The most probable reason is that this speed value is the one specified into EN 1317-2
for a small car of 900 kg that impacts against a safety barrier. This is the same type of
vehicle to which the TR 16303 has been developed. Based on this assumption the tests
herein presented are carried out at different speeds. Each vehicle has been tested at the
speed the vehicle shall impact against a safety barrier4.
4.4.1 Test Observations
The linear track test is a really useful test giving information about how steering works
and how structure deformation under the gravity effect interacts with the steering system.
The imposed velocity of 100 km/h seems to be referred to a small car of 900 kg. Deepest
analyses should be about the velocity at which the test should be carried on. Accordingly
to the EN 1317, the vehicles have been tested at the maximum speed outlined in the stan-
dard. In the speed envelope each vehicle should be tested with the speed taken as reference.
Despite what it could look like, it is really hard to achieve a exactly linear trajectory.
As pointed out from the linear track tests, the vehicle models do not go perfectly straight.
A possible point of discussion to improve the standard consists on choosing which value
of deviation from the linear track should be considered acceptable.
4.4.2 Test Analysis and Results
Coach
The whole vehicle is launched with a speed of 70 km/h in a linear track. Friction between
wheels and pavement (rigid wall) is set to 0.6. Figure 4.35 shows the trajectory followed
by the bus and its final position.
Figure 4.35: Coach - Linear Track Trajectory
It stands out that at the end of the simulation the bus has covered a distance of 38.9m
with a deviation from the linear trajectory of 0.2m towards the right. The deviation of
approximately 0.5% of the covered length has been considered acceptable.
4The speed values are the ones used for the tests TB51 and TB32 in the standard EN 1317-2.
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The energy balance (total, internal and kinetic energy) shows a slight loss of kinetic
energy due to the friction between vehicle wheels and the pavement, figure 4.36.
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Figure 4.36: Coach - Energy Linear Track Test
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Neon1500
The whole vehicle is launched with a speed of 110 km/h in a linear track. Friction
between wheels and pavement (rigid wall) is set to 0.6. Figure 4.37 shows the trajectory
followed by the passenger car and its final position.
Figure 4.37: Neon1500 - Linear Track Trajectory
It stands out that at the end of the simulation the bus has covered a distance of 36.7m
with a deviation from the linear trajectory of 0.1m towards the left. The deviation of
approximately 0.25% of the covered length has been considered acceptable.
The energy balance (total, internal and kinetic energy) shows a slight loss of kinetic
energy due to the friction between vehicle wheels and the pavement, figure 4.38.
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Figure 4.38: Neon1500 - Energy Linear Track Test
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4.5 Circular Track Test
This circular track test is carried out to verify the stability of the vehicle and the
behaviour of the steering and suspension system in a dynamic configuration. This is test
3.2 of table 2.7. Unlike the linear track, here the goal is to verify if the vehicle is able to
follow a circular trajectory for a determined time interval through the interaction between
the wheels and the pavement.
The validation procedure imposes to perform two tests. The former requires that the
vehicle starts at rest. This condition does not cover any standard test since all the tests
that are going to be performed against safety barrier start with the vehicle at a specified
speed. The latter requires that the vehicle is launched with an initial speed of 25 km/h.
In both cases a torque is applied to the wheel in order to force the vehicle turning. The
diameter of the circular trajectory shall be equivalent at the one that gives a lateral
acceleration of 0.1G.
Since the standard procedure results to be too time-consuming (in term of computational
time), a revised version of the test has been proposed. The circular test is performed as
follow: the vehicle is launched with a constant speed of 25 km/h and the torque is applied
at the beginning of the simulation and for 2 seconds. Then the torque is removed and
the vehicle is free to continue its dynamic. If the steering system is properly modelled
when the torque is removed the vehicle trajectory should follow the direction tangent to
the previous circular trajectory.
4.5.1 Test Observations
The description of the circular track test seems to lack in detailed explanation. In par-
ticular it would have been useful to have a better definition of velocities and of the general
procedure to perform the test. Annex C, Section C.3.3 of the technical report TR 16303
should be reviewed.
The solution adopted here resulted in more cost-effective procedure. The two tests can
be carried on in one step obtaining faster results. All tests results are coherent with the
parameters imposed by the validation procedure for this test.
Tests have pointed out that it is very difficult to follow the trajectory with an imposed
radius. This requires long computational time for the simulation and also some pre-tests
to estimate the torque needed to make the vehicle turn.
The torque values chosen for the test should be decided on the base of the steering
vehicle model. After running different tests, the easiest solution should be to impose a
torque sufficient to fully rotate the wheel. Assuming that the model has a proper steering
stopper, the definition of the angle is not needed and the definition of the radius is not
dependent on the lateral acceleration.
The test is generally carried out with the whole vehicle. Alternatively the test can also
be performed using a reduced vehicle model reducing the computational time. In this case
the front and rear axles shall be rigidly connected and the weight of the vehicle must be
replaced by appropriate loads acting on the axle/suspension systems. It is also important
to accurately reproduce the inertial properties of the vehicle; this can be done reproducing
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the correct tensor of inertia of the vehicle5. An example of the reduced coach model is
shown in figure 4.39.
Figure 4.39: Coach - Reduced Model
4.5.2 Test Analysis and Results
Coach
This test aims to verify the correct behaviour of the coach kinematic. The test is per-
formed at a speed of 25 km/h.
The bus steering system is modelled defining a curve which relates the torque with the
steering angle. For the coach, the applied torque is the one needed to reach the bottoming
out. The torque is applied using two coupled forces. When the torque is removed, the
model is free to move till the end of the simulation.
Figure 4.40 shows the trajectory followed by the bus and its final position.
Figure 4.40: Coach - Circular Track Trajectory
As expected, the bus starts to turn until it is completed rotated following a circular
trajectory. Removed the torque, the model starts to follow the direction tangent to the
circular trajectory.
The energy balance (total, internal and kinetic energy) shows a slight loss of kinetic
energy due to the friction between vehicle wheels and the pavement, figure 4.41.
5This can be done using the card *Element_Inertia implemented in Ls-Dyna [9].
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Figure 4.41: Coach - Energy Circular Track Test
Neon1500
This test aims to verify the correct behaviour of the car kinematic. The test is performed
at a speed of 25 km/h. The car steering system is modelled with kinematic chain without
defining an explicit relationship between the torque and the steering angle. The value of
torque has been decided on the base of a proportion between the weight and the torque
for a small car suggested in the standard. When the torque is removed, the model is free
to move till the end of the simulation.
Figure 4.42 shows the trajectory followed by the bus and its final position.
Figure 4.42: Neon1500 - Circular Track Trajectory
The energy balance (total, internal and kinetic energy) shows a slight loss of kinetic
energy due to the friction between vehicle wheels and the pavement, figure 4.43.
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Figure 4.43: Neon1500 - Energy Circular Track Test
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4.6 Curb Test
The curb test is performed to verify the stability and the response of the suspension
system, the steering system and the wheels to small impacts, such as a road curb. This is
the first dynamic impact that shall be performed according to the Validation Roadmap.
The dimensions of the curb are outlined in the Annex C TR 16303-2:2011 and reported
in figure 4.44.
Figure 4.44: Curb Model
The standard specifies a vehicle speed value of 15 km/h. This set of tests requires six
curb simulations:
• both front wheels;
• both rear wheels;
• right front wheel;
• left front wheel;
• right rear wheel;
• left rear wheel.
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4.6.1 Test Observations
The curb test lacks in detailed explanations in the overall description. The validation
roadmap lacks in important parameters about curb tests such as the static and dynamic
friction coefficient. The curb friction coefficient to be used in the test is not specified even
when it is known that the test results are strictly dependent on it. In this work it has
been decided to use a value of 0.75 for the static friction coefficient and 0.7 for dynamic
friction coefficient.
A reduction of the number of tests to be performed is desirable and possible. Moreover
a distinction based on the type of the suspension system (dependent/independent) could
be done to avoid redundant test and therefore reduce the time required for the all tests.
The vehicle pinches from the ground after it crosses the highest point of the curb. Since
this behaviour has been observed in all the tests performed, re-design the curb should be
a further enhancement of the standard. This suggestion is supported also by experimental
test which has shown similar vehicle behaviour.
In order to verify the stability of the suspension and steering system, the curb test could
be revisited using a step test. This is a standard test that has been already applied to
heavy vehicles. A more detailed description of this solution is presented in section 4.7.
4.6.2 Test Analysis and Results
Coach
The coach has a dependent-type suspension system, therefore the number of tests has
been reduced from six to two.
Both Front Wheels and Both Rear Wheels These two tests are performed to-
gether. This probably is the way the tests could be performed in real life as experimental
tests. The sequence of the impact is shown in figure 4.45.
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Figure 4.45: Coach - Curb Sequence Both Front and Rear Wheels
The energy balance (total, internal and kinetic energy) shows the time of impact and
the trend of the kinetic and internal energy. A slight loss of kinetic energy is due to the
friction between vehicle wheels and curb and the pavement, figure 4.46. The dashed red
lines in the graph represents the instant at which the front and rear wheels touch the
ground after over-crossing the curb. This moment corresponds to an increase of both
kinetic and internal energy.
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Figure 4.46: Coach - Energy Curb Test Both Front and Rear Wheels
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Graph 4.47 show the displacement of the CG, the front and rear axle in the vertical
direction.
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Figure 4.47: Coach - CG and Axles Displacement
Right Front Wheel and Right Rear Wheel & Left Front Wheel and Left
Rear Wheel These two tests are performed together (left-left and right-right). This
probably is the way the tests could be performed in real life as experimental tests. Only
the right wheels test is presented. The sequence of the impact is shown in figure 4.48.
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Figure 4.48: Coach - Curb Sequence Right Front Wheel and Right Rear Wheel
Figure 4.49 shows the right front and rear tyres deformation when they overtake the
curb.
Figure 4.49: Coach - Right Front Wheel and Right Rear Wheel Deformation
The energy balance (total, internal and kinetic energy) shows the time of impact and
the trend of the kinetic and internal energy. A slight loss of kinetic energy is due to the
friction between vehicle wheels and curb and the pavement, figure 4.50. The dashed red
lines in the graph represents the instant at which the front and rear wheels touch the
ground after over-crossing the curb. This moment corresponds to an increase of both
kinetic and internal energy.
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Figure 4.50: Coach - Energy Curb Test Right Front and Rear Wheels
Graph 4.51 show the displacement of the CG, the front and rear axle in the vertical
direction.
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Figure 4.51: Coach - CG and Axles Displacement
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Neon1500
The car has an independent-type suspension system, therefore the number of tests has
been reduced from six to three.
Both Front and Rear Wheels As for the coach, the two tests have been performed
together because this probably is the way the tests could be performed in real life as
experimental tests. The sequence of the impact is shown in figure 4.52.
Figure 4.52: Neon1500 - Curb Sequence Both Front and Rear Wheels
The energy balance (total, internal and kinetic energy) shows the time of impact and
the trend of the kinetic and internal energy. A slight loss of kinetic energy is due to the
friction between vehicle wheels and curb and the pavement, figure 4.53. The dashed red
lines in the graph represents the instant at which the front and rear wheels touch the
ground after over-crossing the curb. This moment corresponds to an increase of both
kinetic and internal energy.
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Figure 4.53: Neon1500 - Energy Curb Test Both Front and Rear Wheels
Graph 4.54 show the displacement of the CG, the front and rear axle in the vertical
direction.
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Figure 4.54: Neon1500 - CG and Axles Displacement
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Right Front and Rear Wheels These two tests are performed together because
this probably is the way the tests could be performed in real life as experimental tests.
The sequence of the impact is shown in figure 4.60.
Figure 4.55: Neon1500 - Curb Sequence Front and Rear Right Wheels
Figure 4.56 and 4.57 show the right front and rear tyres deformation when they overtake
the curb.
Figure 4.56: Neon1500 - Front Right Wheel Deformation
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Figure 4.57: Neon1500 - Rear Right Wheel Deformation
The energy balance (total, internal and kinetic energy) shows the time of impact and
the trend of the kinetic and internal energy. A slight loss of kinetic energy is due to the
friction between vehicle wheels and curb and the pavement, figure 4.58. The dashed red
lines in the graph represents the instant at which the front and rear wheels touch the
ground after over-crossing the curb. This moment corresponds to an increase of both
kinetic and internal energy.
0 0.5 1 1.50
2000
4000
6000
8000
10000
12000
14000
16000
18000
Time [s]
En
er
gy
 [J
]
 
 
Kinetic Energy
Total Energy
Internal Energy
Figure 4.58: Neon1500 - Energy Curb Test Right Front and Rear Wheels
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Graph 4.59 show the displacement of the CG, the front and rear axle in the vertical
direction.
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Figure 4.59: Neon1500 - CG and Axles Displacement
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Left Front and Rear Wheels These two tests are performed together because this
probably is the way the tests could be performed in real life as experimental tests. The
sequence of the impact is shown in figure 4.60.
Figure 4.60: Neon1500 - Curb Sequence Front and Rear Left Wheels
Figure 4.61 and 4.62 show the right front and rear tyres deformation when they overtake
the curb.
Figure 4.61: Neon1500 - Front Left Wheel Deformation
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Figure 4.62: Neon1500 - Rear Left Wheel Deformation
The energy balance (total, internal and kinetic energy) shows the time of impact and
the trend of the kinetic and internal energy. A slight loss of kinetic energy is due to the
friction between vehicle wheels and curb and the pavement, figure 4.63. The dashed red
lines in the graph represents the instant at which the front and rear wheels touch the
ground after over-crossing the curb. This moment corresponds to an increase of both
kinetic and internal energy.
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Figure 4.63: Neon1500 - Energy Curb Test Left Front and Rear Wheels
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Graph 4.64 show the displacement of the CG, the front and rear axle in the vertical
direction.
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Figure 4.64: Neon1500 - CG and Axles Displacement
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4.7 Step Test
The step test has been performed in order to verify the stability of the suspension and
steering system as alternative of the curb test. The vehicle has to overtake the step with
the speed of 5 km/h [12]. The step dimensions are reported in figure 4.65.
Figure 4.65: Step Dimensions
The results, see graph 4.66, show the behaviour of the suspension system and the damp-
ing phenomenon is highlighted.
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Figure 4.66: Coach - Step Suspension Test
Comparing these results with the ones of the curb test, it stands out that the step test
is more accurate. The curb geometry and the speed at which the curb test is performed
do not highlight clearly the damping behaviour of the suspension system. The comparison
is shown in the graphs 4.67.
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(a) Step Suspension Test
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(b) Curb Test
Figure 4.67: Coach - Right Front Spring Comparison
On the other hand, the speed value of 5 km/h makes the simulation time very long.
This is why the step test has been performed only for the front axle of the coach.
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4.8 Full Scale Test Against a Rigid Wall
This test is made to assess the global response of the vehicle.
The vehicle impacts against the wall with prescribed impact angle and impact speed as
reported in the standard EN 1317-2, table 2.2.
4.8.1 Model Description
The rigid wall dimensions and properties listed in table 4.2. ROBUST project has been
used as a reference for this test [13].
Figure 4.68: Rigid Wall
Length [mm] 18000
Width [mm] 450
Height [mm] 800
Material Rigid
Table 4.2: Rigid Wall
Properties
The wall model has 78540 nodes and 66384 solid elements.
4.8.2 Test Observations
The purpose of this test is to check the stability of the vehicle model. This include
global vehicle response, the mutual contact between the vehicle and the rigid wall and
also the contact among the internal part of the model.
For this test a pass/fail criterion based on the energy could be adopted. Table B.7
reported in the standard EN 1317-5 could be used to verify and evaluate the percentage
change in energy of the Finite Element model of the entire system [14].
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4.8.3 Test Analysis and Results
Coach
A TB-51 test is performed. According to EN 1317-2, the bus crashes against the rigid
wall with an angle of 20°and a speed of 70 km/h. Figure 4.69 shows the impact of the
coach against the rigid barrier.
Figure 4.69: Coach - Impact Against Rigid Wall
The energy balance (total, internal and kinetic energy) shows the trend of the kinetic
and internal energy, figure 4.70.
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Figure 4.70: Coach - Energy Full Scale Test Against Rigid Wall
The internal energy has two variations that corresponds to the impacts of the front and
the rear of the bus against the rigid wall. In correspondence of this two events the kinetic
energy decreases as a consequence of the decrease of bus velocity. The internal energy
increases as a consequence of the structure deformation. It can be also checked that the
total energy is conserved.
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Neon1500
A TB-32 test is performed. The car crashes against the rigid wall with an angle of
20° and a speed of 110 km/h.
Figure 4.71 shows the impact of the car against the rigid barrier.
Figure 4.71: Neon1500 - Impact Against Rigid Wall
Figure 4.72 shows the accelerations time history computed by the accelerometer posi-
tioned near the centre of gravity.
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Figure 4.72: Neon1500 - Acceleration Full Scale Test Against Rigid Barrier
The energy balance (total, internal and kinetic energy) shows the trend of the kinetic and
internal energy, figure 4.73. When the car crashes against the barrier the kinetic energy
decrease while the internal energy increases as a consequence of the structure deformation.
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Figure 4.73: Neon1500 - Energy Full Scale Test Against Rigid Wall
94
Validation Roadmap
4.9 Full Scale Test Against a Deformable Barrier
This test is made to assess the global response of the vehicle. The impact of a vehicle
against a deformable barrier is studied and compared with the corresponding physical test.
The validation procedure requires a comparison with the physical test in order to assess
the behaviour of the numerical model. Both for the coach and the car the reference tests
were performed by Nordisk Testsenter AS for Statens Vegvesen with vehicles of the same
category of the ones studied.
4.9.1 Model Description
The main deformable barrier parts such as the front rail (A - profile), sigma-posts
and back rail (W - profile) are modelled in detail with shell elements, while the bolt
connections are represented using beam elements, converted to solid elements when the
simulation starts. The front rail and the back rail are connected with M10 bolts while the
back rail and the post are connected with M16 bolt. Figure 4.79 shows the safety barrier
setting.
This barrier has been tested to N2 and H2 containment level with different post spacing:
2m for the TB32 test performed with the passenger car (N2 containment level), and 1m
for the TB51 test performed with a coach (H2 containment level).
Figure 4.74: H2 Barrier Model
The barrier model used for testing the bus has 270680 nodes, 257879 shell elements and
120 beam elements.
The barrier model used for testing the car has 191344 nodes, 183210 shell elements and
60 beam elements.
The material used for the safety barrier is steel S235 with a yield stress of 312MPa, a
typical value for S235 steel available on the market. The material constitutive law used
is elasto-plastic material with a piecewise linear plastic field, see figure 4.75.
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Figure 4.75: Plastic Field S235
4.9.2 Test Observations
The purpose of this test is to check the stability of the vehicle model. This include
global vehicle response, the contact between the vehicle and the safety barrier and also
the contact among the internal part of the model.
It could be noted that the goodness of the results also depends on the specifications
of the deformable model therefore it is necessary to distinguish all contributions of the
different systems involved in the impact to evaluate the vehicle validation.
The criterion followed to compare the numerical and physical test are the one reported
in EN 1317-5:2014, which are more up to date than the one contained in TR 16303.
4.9.3 Test Analysis and Results
Coach
A TB-51 test is performed in accordance with EN 1317-2. This is a containment test
for containment level H2. The bus crashes against the deformable barrier with an angle of
20°and a speed of 77.82 km/h, equal to the experimental test. The safety barrier used in
this test falls within the W5 class of working width levels, see Table 4 in EN 1317-2, 2.3.
The numerical model of the barrier is 98.24m long but the length involved in the impact
is of 60m. The posts distance is 1m.
Figure 4.76: H2 Barrier Dimensions
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The experimental test was carried on in the 2005 by the Nordic Test Center using a
Volvo coach [15]. This vehicle satisfies the requirements listed in EN 1317-1 but it has
some substantial differences compared to the coach model developed in this work of thesis.
The two main differences are: the vehicle structure and the height of the centre of gravity
compared to the Vest bus. The Volvo is an old fashion construction built on two long
massive beams with low capacity of deformation and shock absorption. The Volvo is a
quite light bus as well, so a consistent amount of added mass, sand bags, has been fixed to
the passengers seats with the result of CG location slightly higher compared to the Vest
coach. The Volvo coach has a total mass of 13234 kg.
The energy balance (total, internal and kinetic energy) shows that the conservation
energy principle is respected and the trend of the kinetic and internal energy.
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Figure 4.77: Coach - Energy Full Scale Test Against Deformable Barrier
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Figure 4.78: Coach - Numerical and Physical Test Comparison
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The behaviour of the numerical model is slightly different from the real one. As ex-
pected, the numerical model has a lower roll-angle compared to the physical vehicle. This
depends on the different mass distribution and consequently on the position of the center
of gravity. In particular the longitudinal and vertical center of gravity positions influence
the rolling motion.
Anyway, the parameters taken into account to evaluate the test are the one related to
the tested item: working width and the dynamic deflection (for their definition see chapter
2.2).
Table 4.3 reports the comparison of these parameters between the virtual model and the
physical test.
In order to assess if the virtual test could be considered acceptable, these values are
compared following the requirements listed in the standard EN 1317-5:2014. In the anal-
ysed case, the limit value reported in the equations 2.3 for the dynamic deflection and in
2.4 for the working width is 0.24m. Being a difference of 0.21 on the dynamic deflection
and 0.2 on the working width, the numerical parameters are acceptable. All requirements
for this tests are fulfilled.
Physical Test Virtual Test
Parameters Measured Normalized X Measured Normalized Xv |X −Xv| Limit Value [m]
Maximum Dynamic Deflection [m] 1.25 1.4 1.45 1.61 0.21 0.24
Working Width [m] 1.40 1.57 1.59 1.77 0.2 0.24
Table 4.3: Deformation Parameters
Neon1500
A TB-32 test is performed in accordance with EN 1317-2. This is a containment test
for containment level N2. The car crashes against the deformable barrier with an angle of
20°and a speed of 109.29 km/h, equal to the experimental test.
The numerical model of the barrier is 86.1m long but the length involved in the impact
is of 60m. The posts distance is 2m.
Figure 4.79: N2 Barrier Dimensions
The experimental test was carried on in the 2005 by the Nordic Test Center using a
Volvo 240GL (1987) [15]. This vehicle satisfies the requirements listed in EN 1317-1 but
it has some differences in the vehicle structure compared to the car model developed in
this work of thesis. Volvo 240GL has a total mass of 1512 kg.
The energy balance (total, internal and kinetic energy) shows that the conservation
energy principle is respected and the trend of the kinetic and internal energy, graph 4.80.
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Figure 4.80: Neon1500 - Energy Full Scale Test Against Deformable Barrier
In spite of the possibility to compare severity indexes and system deformation with
experimental data, numerical instability occurs when the side of the car is still in contact
with the safety barrier (t = 0.29 s) and the simulation ends with an “Error Termination”.
In order to solve the model instability, changes into mesh geometry and in contacts among
parts have been made. All the attempts were not enough to fix the intrinsic instability
of the numerical model. Since this test end in an anomalous way, the Neon1500 model
cannot be considered validated.
Even if the Neon1500 is not validated, the numerical outputs acquired from the window
of simulation available are used for a comparison with experimental results.
The severity indexes and the parameters taken into account to evaluate the test are the
one related to the tested item: ASI, THIV, working width and the dynamic deflection (for
their definition see chapter 2.2).
Tables 4.4 and 4.5 reports the comparison of these parameters between the virtual model
and the physical test.
All the values are compared following the requirements listed in the standard EN 1317-
5:2014. In the analysed case, the limit value reported in the equations 2.3 for the dynamic
deflection and in 2.4 for the working width is 0.19m. Being a difference of 0.16 on the dy-
namic deflection and 0.11 on the working width, the numerical parameters are acceptable.
Basing on the criterion used, the severity indexes result also acceptable.
Physical Test Virtual Test
Parameters Measured Normalized X Measured Normalized Xv |X −Xv| Limit Value [m]
Maximum Dynamic Deflection [m] 0.86 0.86 0.71 0.70 0.16 0.19
Working Width [m] 0.94 0.94 0.85 0.83 0.11 0.19
Table 4.4: Deformation Parameters
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Experimental Test Tolerance Numerical Simulation
ASI 0.6 ±0.1 0.7
THIV [km/h] 21.2 ±3 21.1
Table 4.5: Neon1500 - Impact Severity Indexes
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In figure 4.81 is shown the comparison between physical and numerical test.
Figure 4.81: Neon1500 - Numerical and Physical Test Comparison
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4.10 Analysis and Usability of Validation Roadmap
The Validation Roadmap is a fundamental step in crashworthiness analysis, helping to
understand the capabilities and the limits of the vehicle model. The Validation Roadmap
should be performed at least for those vehicle models used to assess vehicle restraint sys-
tems performances.
Particularly, it is not to take for granted that a super detailed model fulfils all the tests
required by the validation procedure or that a model developed to assess vehicle perfor-
mances, such as Euro NCAP tests, can perform properly without further investigation in
impacts against VRS. An example of that is shown by the validation procedure followed
for the Neon1500, a detailed model already used mostly to study frontal impacts. The
numerical model has successfully passed the tests involving its single sub-systems but it
has not fulfilled the full scale test against deformable barrier, missing the requirements
to be validated. This result shows the importance of performing the Validation Roadmap
before using a vehicle numerical model for crash test analysis.
In this chapter, every test of the Validation Roadmap has been critically analysed. A
brief summary of the observation is presented below.
As it was previously pointed out in this chapter, most of the tests of the validation
procedure should be revisited in order to better define test settings and criteria. The
meaning of some tests should be also clarified. Two examples can be given:
• The isolated suspension test, test number 1.1 of table 2.7, is difficult to compre-
hend. General test settings are unclear. The same test is also lacking in detailed
description and essential information, such as the impacting mass, needed to run
the test correctly.
• Circular track test, test number 3.2 of table 2.7, requires clarification. The standard
presents two tests with different configuration. One requires to start the simulation
with the vehicle at rest and one with the vehicle moving with a pre-determined
speed. It follows that the procedure is time-consuming and not so clearly organized.
The Validation Roadmap should be reviewed to include different vehicle types; possibly
defining ad hoc tests for some vehicles. Simultaneously some tests can also be simplified
basing on the vehicle construction type such as dependent suspension system.
• Suspension test, test number 1.2 of table 2.7, includes many different tests and it
could be also possible to reduce the number of tests performed.
• Stability test [16]. It consists of positioning the vehicle on a tilting platform. The
vehicle is tilted slowly on its unstable position, figure 4.82.
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Figure 4.82: Stability Test [Source: An approximate method for the evaluation of
the roll stiffness of road tankers]
It has been also observed that the order of the tests listed in the validation procedure
should be reviewed. Usually static component tests should be the first to be performed af-
ter creating the geometry and after setting the model to its starting configuration. There-
fore, the idle test should be carried out as the first test of validation procedure. This
suggestion rises because performing the static test on the vehicle suspension system, test
number 1.2 of the validation procedure, needs the idle test results.
In conclusion, it is suggested as follows: after performing the idle test, the quasi-static
tests on the spring-damper suspension system are carried out in compression and traction
and then a quasi-static test is performed including the entire suspension system, the tyre
and the steering system with load applied on the tyre. Completed the static tests, the
dynamic tests should be performed in order to complete the validation procedure including
the full scale tests against rigid and deformable barrier.
This scheme allows to have few specific component tests to check at first the correct
modelling of the vehicle. Then the dynamic tests allow to verify the correct behaviour of
the dynamic system in general and the stability of the model. Finally the full scale tests
allow to assess the global response of the vehicle and control the robustness of the model.
TR 16303-2 should ask for a limited amount of compulsory tests that can be enlarged if
experimental data are available. This view can be applied especially to vehicle model that
has already been widely used and for which experimental tests are therefore only required
to improve more the model or include new failure modes.
Moreover, adopting the point of view of a virtual lab, with no access to experimental
data, it has been observed that the validation procedure could be reduced. For instance,
further evaluations should be done in this direction concerning the isolated suspension
test, the suspension tests, the trajectory tests and the curb tests. Two examples can be
given:
• The isolated suspension test, test number 1.1 of table 2.7, in the vertical direction
seems to be redundant since that the spring behaviour is verified with the suspension
test and the dampers behaviour is observable performing the curb test.
• The suspension test requires three different settings: single, symmetric and asym-
metric load application, test number 1.2 of table 2.7. Performing the test it stood
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out that if the single load test has been fulfilled, consequently also the results of
symmetric and asymmetric tests would be satisfactory.
A reduction in terms of number of tests is also linked to economic and time issues. This
is a key parameter even nowadays with a growing computing capacity that should not be
forgotten while redesigning the validation procedure.
Table 4.6 presents the suggested reduced test matrix to be performed in the correct
order for vehicle validation.
Finally, two considerations can be added.
First, performing the validation procedure it could happen that a test might fail or that
the model developer wants to make some improvements on the model. In any case, changes
in the vehicle model might be required. At the moment, the validation procedure does not
contain any criteria to establish which test(s) shall be repeated when a change is carried
out. This remains an open issue related also to economic and time resources.
Secondly, analysing the test results of the Validation Roadmap, it stands out that some
tests could be replaced to better investigate the expected behaviour. That is why in this
work of thesis a supplementary test has been suggested as an alternative to the curb test
in order to study the suspension behaviour, see subsection 4.7.
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N° Test Type Scope Results to be Provided Observations
1 - Vehicle stability
1 Idle Test Verify stability of the vehicle
model and set suspension offsets
- Acceleration time histories - Limit on the filtered accelerations shall be intro-
duced (< 5G)
- Suspensions movement time his-
tory
- Limit on the suspension movement ( < 5mm)
2 – Vehicle subsystem behaviour
2.1 Suspensions test - Sin-
gle load test on sus-
pension
Verify suspension kinematic and
loading and unloading capacity
- Sequence of the suspensions be-
haviour
- Verify that stiffness curves follow the theoretical
curves
- Comparison between real-
theoretical and virtual curves
- For dependent suspension system, assess the lon-
gitudinal spring behaviour.
2.2 Steering / Suspen-
sions test - Single load
on wheel
Verify steering/suspension kine-
matic and interaction
- Sequence of the suspensions be-
haviour
Based on the suspension type:
• Dependent: verify the coupling shaking /
steering movement (for front wheels);
• Independent: verify the uncoupling shaking
/ steering movement (for front wheels).
3 – General vehicle behaviour
3.1 Linear track test Verify stability and behaviour of
the vehicle, steering and suspen-
sion system
- Trajectory plot - Limit the acceptable deviation from the linear
trajectory ( < 0, 05 % of the length)
- Kinetic and total energy time
histories
3.2 Steering System Test Verify the capability of the vehicle
of steering under a fixed load and
the capability of return in neutral
(without steering) when the force
is removed
- Trajectory plot - Only one test applying a torque on the steering
system.
- Kinetic and total energy time
histories.
- The vehicle shall turn and then wheels must re-
turn to neutral and vehicle follow the tangent di-
rection when the force is removed.
- Torque value:
• Available steering curve: torque for bottom-
ing out;
• Not available steering curve: torque value
based on mass proportion.
3.3 Step test Verify robustness of the suspen-
sion and steering system
- Spring suspension change in
length vs time curve
- Both front and rear wheels can be performed in
one test.
- Kinetic and total energy time
histories.
4 – Full scale crash test
4.1 Rigid Wall To verify the capability of suffer-
ing strong deformations. Control
of the contact definition
- Post-impact analyses. (severity
indexes for cars)
ROBUST Project should be taken as reference to
study the global behaviour.
- Kinetic and total energy time
histories.
4.2 Deformable Barrier To verify the capability of repre-
senting the interaction with a real
barrier. Control of the contact
definition.
- Comparison with experimental
results according to the Valida-
tion Roadmap
Results should be compared with physical test fol-
lowing to the criteria outlined in the EN 1317-5.
- To verify the capability of repre-
senting the interaction with a real
barrier.
Table 4.6: Validation Roadmap - Reduced Procedure
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Analyses of Critical Installation
of Vehicle Restraint Systems
Unfortunate collisions with hazards along the road such as fixed obstacles and high,
steep cut slopes, bridges and underpasses, can cause great personal injury. Road users
must therefore be protected against such hazards.
Preferably there should be no roadside hazards along the road and only where the hazard
cannot be removed or made safe, safety barriers and/or crash cushions shall be installed
to prevent collision or driving off the road.
As stated within the Norwegian specification manual N101 “Vehicle Restraint Systems
and Roadside Areas”[7], vehicle restraint systems represent a hazard in themselves and
should therefore only be installed if it is more dangerous to drive off the road than to drive
into the vehicle restraint systems. Since crashing against safety barrier or crash cushions
may also cause personal injury, alternative solutions must always be considered before a
decision is made to install the vehicle restraint systems.
The Norwegian Public Road Administration requires the use of full scale tested safety
barriers accordantly to EN 1317-2 before installation. However, standard tests do not al-
ways cover all practical needs that can be found when installing those systems in real-life.
That is why the use of virtual testing is an essential tool to study different solutions and
different configurations (impacts angles, impacts speeds or vehicle class) in a cost-effective
way.
This chapter presents the study of selected real-life critical installations. The following
cases are analysed:
• Safety barriers located at physical median for multi-lane roads;
• Construction walls and cast-in-place barriers;
• Safety barrier termination anchored in the roadside terrain.
The results of those studies will be used to improve national installation manuals, to
enhance National specifications and consequently the safety of the road users.
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EN 1317-2 has been taken as reference to evaluate the safety barrier performances and
the pass/fail criteria when running these tests. Only validated vehicle models according
to TR 16303 have been used to assess those installations. Two vehicles have been used in
this chapter:
• Light passenger car of 900 kg: GeoMetro;
• Coach of 13000 kg: NPRA bus.
The NPRA coach model and the GeoMetro are presented in chapter 3 of this thesis.
5.1 Study Case 1: Safety Barriers Located at Physical
Median for Multi-Lane Roads
Safety barriers are required in the physical median for multi-lane roads if the distance
between the edges of the carriageways with traffic in opposite directions is less than safety
zone width1 defined for that specific road.
In 2014, the Norwegian Road Administration modified the minimum containment level
required for medians along motorways with heavy traffic. The use of safety barrier of
H2-containment level has been introduced replacing previous N2-containment level.
Taking for granted that the use of H2 safety barriers allows containing heavy errant
vehicles, this study case intends to investigate if two already existing safety barriers tested
in containment level N2 could replace a double sided H2 barrier, preventing the risk of
heavy vehicles overrunning the restraint system and invading the incoming lane. An alter-
native configuration has also been proposed with only one of the two N2 barrier replaced
by a single sided H2 safety barrier. In this case the heavy vehicle would impact the high
containment barrier from behind.
In case of positive result from these tests, the Norwegian government could save a con-
sistent amount of public money channelled into the upgrade of existing motorways.
5.1.1 Test Setup
Following the new requirement of H2 containment level, the tests are performed with
the NPRA 13 ton coach. The vehicle impacts the barrier at 70 km/h; two angle config-
urations are considered: 20 degrees, as specified by the standard, and 10 degrees, which
would cover the most of the accidents according to the Norwegian statistics.
The barriers used in this scenario are the Norwegian standard safety barriers [17]. The
N2 containment level barrier, figure 5.1, consists of a front rail (A-profile) mounted on
steel sigma-shaped posts. The connection between the rail and the post is realised using
1 The safety zone width is basically established based on the amount of traffic and the speed
limit on that specific road segment. It is measured from the edge of the carriageway and perpen-
dicularly out into the roadside terrain. Within the safety zone there shall be not hazards such as
dangerous roadside obstacles [7].
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M10 bolts. The H2 containment level barrier, figure 5.2, consists of a front rail (A-profile)
and a back rail (W-profile) mounted on sigma posts. The connection between the front
rail and the back rail is realised using M16 bolts while the connection between the W-rail
and the post is realised using M10 bolts.
The barriers models are created with shell elements, while the bolts connections are
represented using beam elements converted into solid elements 2.
The N2 barrier model has 105861 nodes, 95696 shell elements, 18240 discrete elements
and 40 beam elements. The safety barrier is made of steel S235, with a yield stress of
260MPa. This yield value is typical for S235 steel available on the market. The material
constitutive law used is elasto-plastic material with a piecewise linear plastic field.
The H2 barrier model has 335130 nodes, 319451 shell elements and 170 beam elements.
The material used is the same of the deformable full scale test performed in the Validation
Roadmap, steel S235.
For both safety barriers, shell elements are modelled mostly using membrane formulation
with five integration points through shell thickness.
Figure 5.1: N2 Safety Barrier
Figure 5.2: H2 Safety Barrier
The soil barrier interaction is modelled using spring elements. An array of springs of
different stiffness has been defined to simulate the reaction of the different soil layers. The
spring stiffness gradually increases from the ground level to the post lowest edge, which
is embedded at 1.2m underneath. The embedded post can be seen as a laterally loaded
pile.
The behaviour of the soil at each level is modelled with two springs oriented in two
perpendicular directions. The data of the springs are taken from a master thesis carried
on at Politecnico di Milano [18].
2To convert the beam elements in solid elements the card control_spotweld implemented in Ls-
Dyna has been used [9]. Solid elements allow to reproduce in a better way the stress distribution
nearby the connection.
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(b) Soil Spring Curve Direction 1
Figure 5.3: Soil Springs
The non-linear springs soil modelled gives good and reliable results with a good compro-
mise in terms of cost of the simulation and accuracy. In particular the post deformation
in the ground and its capability of supporting the impact is well described. On the other
hand, this model lacks in reproducing the pull-out of the posts, because the springs work
only in the normal directions to the longitudinal axis of the post. This has been considered
acceptable because, by experience, the pull-out of the posts is a remote event for this type
of barrier.
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5.1.2 Test Results
N2-N2 Test
The first test is carried out using two N2 containment level safety barriers mirrored
and placed at a distance of 4m from each other. The bus impacts at an impact speed of
70 km/h and an impact angle of 20°. N2 safety barrier is classified as normal containment
level, and therefore it is not generally tested with heavy vehicles. It is possible to predict
that a single N2 safety barrier would not be able to contain heavy vehicles in case of
a 20 degrees impact therefore the interest is focused on the behaviour of the all setting,
hoping that the second barrier, impacted with a reduced angle, would withstand the coach.
Unfortunately tests results have shown that the N2-N2 configuration is not able to con-
tain and redirect the bus that continues to almost follow its initial linear trajectory. The
trajectory of the coach is shown in picture 5.4.
Figure 5.4: N2N2 - Coach Trajectory
The coach easily overtakes the safety barrier without considerable change in trajectory
or decreasing in its velocity, see table 5.1. This is the expected behaviour since the used
N2 barriers are not of high containment level. Safety barriers deformations is so high that
providing the values of dynamic deflection and working width should be useless because
they are out of the acceptable range.
Time [s] Speed [km/h] Impact Angle [°]
Initial Condition 0 70 20
After First Impact 0.6 68.4 18.6
After Second Impact 2.2 63 12
Table 5.1: N2N2 - Impact Parameters
The sequence of the test is shown in picture 5.5.
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Figure 5.5: N2N2 - Test Sequence
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For the sake of completeness, the energy balance (total, internal and kinetic energy)
shows the trend of the kinetic and internal energy, figure 5.6.
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Figure 5.6: N2N2 - Energy Plot
N2-H2 Test with Impact Angle of 20°
To answer to the first case, two N2 safety barriers of this type cannot restrain a vehicle
of 13 ton with this configuration. Then the setting has been modified replacing one of the
two N2 barrier with a H2 barriers placed at a relative distance of 4m. The coach impacts
first against the N2 safety barrier and then into the H2 safety barrier from the back side.
This test configuration can occur in real life situation during road maintenance when
temporarily the previous N2 safety barrier is substituted by a new H2 barrier only on a
single side of the median.
The test is again performed with a vehicle speed of 70 km/h and an impact angle of 20°.
The H2 safety barrier model has a length of 110.97m. This length has been originally
considered sufficient to simulate the impact. When running the tests it has been clear
that it would have been necessary to have a longer barrier segment in order to avoid the
influence of the boundary constrains at the rail extremities.
In any case, the barrier length is sufficient to assess the general behaviour and under-
stand if this configuration could work. As in the previous test, the coach easily crosses
the N2 safety barriers without considerable structural damages of the vehicle, figure 5.7,
then, the coach impacts from behind the safety barriers which delimits the opposite traffic
lane; the rails of the H2 barriers detaches easily from the posts while the vehicle slowly
turns back towards the N2 barrier. The barrier deflection is very high with a maximum
dynamic value of 2.8m. In this case it has been decided to calculate the deflection value
as the maximum dynamic deformation on impact, measuring the distance between the
barrier front face before collision and its front face during collision. This could have been
only greater if the rails were not rigidly anchored at their extremities.
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Figure 5.7: Coach Conditions after the Impact with the N2
Such of deformation imply that the coach is completely invading the opposite traffic
lane with great risks for the other vehicles travelling on it, picture 5.8.
Figure 5.8: H2 impact 20°
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N2-H2 Test with Impact Angle of 10°
Accident analysis have shown that most of the impacts of vehicle travelling at high speed
(> 90 km/h) against safety barriers take place with an impact angle that is lower than
10°. That is why the previous cases (N2-N2 and N2-H2) are tested again with the coach
impacting at an angle of 10°. The impacting speed, in these tests, has been increased from
70 km/h to 100 km/h since the latter is the speed limit defined for this type of vehicles
when travelling on Norwegian motorways. Despite the increase of impacting speed the
new setup implies a lower impacting energy compared to the test defined within EN1317-
2 standard.
When running the tests it has been clear that it would have been necessary to have a
longer barrier segment also this test configuration in order to avoid the influence of the
boundary constrains at the rail extremities.
In any case, the barrier length is sufficient to assess the general behaviour and understand
if this configuration could work. As in the previous test, the coach easily overtakes the
N2 safety barriers without considerable structural damages of the vehicle, figure 5.9, then,
the coach impacts from behind the safety barriers which delimits the opposite traffic lane;
the rails of the H2 barriers detaches easily from the posts while the vehicle slowly turns
back towards the N2 barrier. The barrier has a maximum dynamic deflection of 1.4m that
could have been only greater if the rails were not rigidly anchored at their extremities.
Figure 5.9: H2 impact 10°
.
115
Chapter 5
5.1.3 Analysis of Results
The aim of this study case consists on investigating if two already existing safety barriers
tested in containment level N2 could replace a double sided H2 barrier in order to prevent
the risk of heavy vehicles overrunning the restraint system and invading the incoming lane.
In conclusion, to answer to the first case, two N2 safety barriers cannot restrain a vehicle
of 13 ton with this configuration.
The H2 safety barrier seems able to restrain the errant coach but the barrier deflection
is so high that the vehicle invades the opposite traffic lane. The fixed extremities help
to restrain the bus limiting the barrier deflection. If the barrier have been longer the
deflection would have been greater with a further invasion of the traffic lane travelled by
other vehicles.
Both the studied solutions showed that the H2 safety barriers cannot restrain a coach, if
it impacts the barrier on the back side, in a way that is safe for the vehicles travelling on
the invaded lane.
The solution with the couple of H2 safety barriers must be adopted to safely contain an
errant bus.
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5.2 Study Case 2: Construction Walls and Cast-In-
Place Barriers
Construction walls along the side of the road are considered to be hazard obstacle when
they are placed within the safety zone width on roads with high speed limit (> 70 km/h).
Safety barriers shall be installed to prevent road user to drive into those rigid structures
where these are found. Unfortunately there are situations where limited space is available
between the edge of the carriageways and the construction wall to introduce a safety bar-
rier. In those scenarios multiple non-tested solution have been applied and this study case
aims to verify which of them are effective.
Similar solutions have been also mounted to cast-in-place barrier previously tested in
accordance to EN1317-2 with the aim of reducing the risk of vehicle roll-over. This study
case will also verify how those changes have modified barriers performances in terms of
severity indexes.
5.2.1 Test Setup
Two types of impacted objects have been studied, figure 5.12. The former wall is a
simple rectangular wall. The latter is a full scale tested cast-in-place barriers3 with having
specific profile with a rounded step at its bottom that helps to lift the vehicle during this
kind of crash usually decreasing the lateral acceleration and consequently the maximum
ASI recorded during impact.
Those objects have been modelled using solid elements associated to a rigid material to
simulate a worst case scenario.
(a) Wall (b) Step
Barrier
Figure 5.10: Wall Profile
Three real-life solutions have been investigated for each type of profile:
• Case 2.A - front rail (type A) connected with M16 bolts
• Case 2.B - front rail (type A) connected with M10 bolts
• Case 2.C - front rail (type A) plus back rail (type W)
3For sake of simplicity it is also called “Step Barrier”
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The rails have been modelled using shell elements while the bolt connections have mod-
elled using beam elements converted into solid elements. The test setup for each type
profile is shown in figure 5.11.
Figure 5.11: Wall Dimensions
Figure 5.12: Possible Solutions
The performance of a safety barrier during a vehicle impact depends on the behaviour
of the final assembly. The three solutions have been compared with references represented
by the wall and the barrier without any additional component.
The tests has been performed with an impact speed of 100 km/h and an impact angle
of 20° that are the parameters outlined in the standard EN 1317-2 for test TB11.
5.2.2 Test Results
First of all a reference test is run for both the rigid wall and the cast-in-place barrier.
The step barrier profile is design to lift the car after the impact reducing lateral accelera-
tion component while the rigid wall redirects the vehicle with a really limited roll. Figure
5.13 shows the different behaviour of the vehicle when impacting against the wall and the
step barrier.
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Figure 5.13: Impact Comparison Wall and Step Barrier
119
Chapter 5
The vehicle behaviour affects the severity indexes with the result that the cast-in-place
barrier has slightly lower ASI and THIV values allowing to be classified in class C accord-
ing to EN1317-2.
Afterwards case A, B and C are run both for rigid wall and the cast-in-place barrier.
Figure 5.14 shows the sequence of impact against the rigid wall for case A, B and C.
Figure 5.14: Wall Crash Impact Sequence Comparison
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Figure 5.15 shows the sequence of impact against the cast-in-place barrier for case A,
B and C.
Figure 5.15: Step Barrier Crash Impact Sequence Comparison
In cases where the restraint system is the wall, test results have shown a clear trend
with the ASI value near to the reference one and an increase of the THIV value. The
ASI is always above the acceptable threshold while the THIV is only acceptable for case
C. In the cases where the restrain system is the cast-in-place barrier, both the ASI value
and THIV value are higher than the reference one. The severity indexes are always above
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the acceptable threshold for each tested case. It is possible to conclude that the improved
solutions are not satisfactory.
Table 5.2 reports the ASI and THIV indexes for each test.
ASI THIV
Wall Step Barrier Wall Step Barrier
Reference 2.04 1.93 29.7 28.9
Case A - M16 2.05 2 33.9 34.9
Case B - M10 2.05 1.98 34.6 33.6
Case C - with back rail 2.01 1.96 33.2 32.2
Table 5.2: ASI and THIV comparison
Graphs 5.16 (a) and (b) show the comparison of the ASI indexes for the wall and the
step barrier.
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Figure 5.16: ASI comparison
In order to achieve a better result on this study case, a new solution has been devel-
oped: a steel absorber has been introduced between the guardrail and the rigid object
(Case 2.D). The aim is to increase the amount of energy that the deformable parts of the
barrier can absorb in order to decrease the lateral acceleration and consequently the ASI
index.
The absorber is a hollow parallelepiped (see Annex II) connected on a side to the wall
with two M10 bolts and on the other side is connected to the front rail with another M10
bolt. The absorber is modelled with shell elements and the bolt connections are modelled
with beam elements converted in solid elements.
Figure 5.17: Wall with Front Rail and Absorbers
The study case 2.D has been investigated for an impact speed of 100 km/h and 80 km/h
in order to evaluate this kinds of installation for different types of road. A 20° impact
angle has been used.
This new configuration has a more similar trend for both the rigid wall and the cast-in-
place barrier. The ASI value is reduced to an acceptable limit for the rigid wall while the
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THIV increases to the edge of the threshold, table 5.3.
ASI [−] THIV [km/h]
Wall Step Barrier Wall Step Barrier
Reference 100km/h 2.04 1.93 29.7 28.9
Absorber 100km/h 1.9 1.94 33.7 33.5
Table 5.3: Absorber 100 km/h ASI and THIV Comparison
For the construction wall it is possible to say that the adoption of the absorber helps
to decrease the ASI index, getting closer to the lower severity level B. The THIV value
remains acceptable, it is under the limit value of 33 km/h, even though the adoption of
the absorber make it slightly increase, table 5.4.
ASI [−] THIV [km/h]
Wall Step Barrier Wall Step Barrier
Reference 80km/h 1.65 1.58 22.9 23.3
Absorber 80km/h 1.48 1.54 26.8 26.5
Table 5.4: Absorber 80 km/h ASI and THIV Comparison
An interesting aspect that demonstrates the validity of this solution is given by the
comparison of the yaw angle of the two study case. The overall impact against the barrier
with the absorber is smoother making the vehicle rotate at a lower yaw-rate, see figure
5.184.
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Figure 5.18: Wall 80 km/h - Yaw Rate Comparison vs Time
4The yaw rate convention adopted is the one outlined in the standard EN 1317-1.
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Picture 5.19 shows the deformation of the absorber involved in the impact for the study
case of the wall with the vehicle speed impact of 80 km/h.
Figure 5.19: Absorber Deformation Sequence
In conclusion, a summary of the severity indexes at 100 km/h and 80 km/h is shown in
figure 5.20 (a) and (b).
(a) Wall
(b) Cast-In-Place Barrier
Figure 5.20: Severity Indexes Comparison for the Absorber
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All the tests performed have a similar energy balance (total, internal and kinetic energy)
and consequently the same trend of the kinetic and internal energy, as shown in the graph
5.21.
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Figure 5.21: Energy Trend
5.2.3 Analysis of Results
This study case is related to the real need of redirect errant vehicles even where there
is no space to install a deformable safety barrier alongside the road.
Two types of objects have been analysed: a construction wall and a cast-in place barrier
shaped with a special step profile.
For the construction wall the tests have shown that the use of additional components,
such as rail(s) mounted towards the traffic side, do not really improve the system perfor-
mances. ASI values are very similar to the reference case (wall without rail) while THIV
are generally lower.
On highways with speed limit of 90 km/h or higher, it is suggested to replace, where
possible, the concrete wall with standard tested safety barriers. On highways with speed
limit of 70 and 80 km/h, the best solution in term of costs and traffic safety could be the
installation of a single rail mounted with a spacer placed at every meter.
For the step barrier, it stands out that the best solution, both in terms of investment
cost and severity level indexes, is to install it without any additional component. This
configuration has the lowest ASI and THIV for each tested configuration.
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5.3 Study Case 3: Safety Barrier Termination An-
chored in the Roadside Terrain
The end terminal of a safety barrier shall ensure that the vehicle is redirected into the
carriageway or stopped without significant injury to the driver or the passengers.
When the safety barrier is anchored in the roadside terrain, the vehicle shall be led along
the safety fence until it stops, or it is redirected back onto the carriageway, but no further
than necessary to avoid colliding with oncoming vehicles whichever is the installation setup.
The Norwegian Public Roads Administration is interested in finding the best possible
installation for a N2 containment level safety barriers termination in the nearby of a ditch.
In this contest, the safety barrier is anchored into the earth embankments. This solution
is particularly appropriate for closing an opening between the safety barriers and the
cutting/wall, in order to prevent vehicles from veering off behind the barrier towards a
hazard [7].
5.3.1 Test Setup
The starting point is given by the National specification N101 where it is defined how
to fix the safety barrier termination into the roadside terrain.
The safety barrier should preferably curve outwards 1:10 at its full height and be anchored
in the roadside terrain, case A, figures 5.22 and 5.24. Alternatively, the safety barrier can
curve outwards with a maximum flare of 1:10 for the first 0.8m and thereafter 1:5, case
B, see figure 5.23.
Figure 5.22: N2 Safety Barrier Model Case A - Top View
Figure 5.23: N2 Safety Barrier Model Case B - Top View
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Since this is a critical installation of safety barriers, at first it is necessary to find the
solution that is the best trade off among the geometrical parameters that needs to be taken
into account for this test. These parameters are the soil slope, soil depth and barrier angle.
Other parameters that have to be taken into account are the vehicle speed and the impact
angle against the barrier because it is possible to find this restraint system installed in
different kinds of street.
The analyses of previous tests concerning vehicle running off the road into the roadside
areas have shown that this solution can only be applied to close ditches [19]. This means
that the ditch depth can varies between 0.4 and 0.5 meter from the roadside edge. At first
both depths have been analysed, see figure 5.25 (a) and (b).
Figure 5.24: Safety Barrier Model Case A - Side View
(a) Depth 0.5m
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(b) Depth 0.4m
Figure 5.25: Safety Barrier Model Case B - Side View
The barrier used in this scenario is the Norwegian standard safety barrier [17]. The N2
containment level barrier consists of a front rail (A - profile) mounted on sigma posts with
2m post spacing. The connection between the rail and the post is realised using M10
bolts. The last three posts are completely embedded in ground with a post spacing of 1m
and connected using M16 bolts.
The safety barrier has been modelled using shell elements and the soil barrier interaction
is modelled using non-linear spring elements, see chapter 5.1.1. In this case, the stiffness
of the non-linear spring array depends on its depth in the soil.
In order to simulate the wheels soil interaction, a linear spring model has been used to
reproduce the soil deformation, figure 5.26.
Figure 5.26: Soil Spring Model
The entire setup model made of the soil and the safety barrier used in case A has 359217
nodes, 331408 shell elements, 31 beam elements and 32569 discrete elements.
The entire setup model made of the soil and the safety barrier used in case B has 85413
nodes, 67530 shell elements, 22 beam elements and 19874 discrete elements.
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The material used for the safety barrier in both cases is steel S235 with yield stress of
260MPa. This yield value is typical for S235 steel available on the market. The material
constitutive law used is elasto-plastic material with a piecewise linear plastic field, see
figure 5.27.
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Figure 5.27: Constitutive Law Steel S235
The tests are performed with the light passenger car of 900 kg.
5.3.2 Test Results
Tables 5.7 show the different test configurations studied to find the best compromise
among soil slope, soil depth, barrier angle, vehicle speed and impact angle.
Barrier Configurations Case Speed [km/h] Impact Angle [°]
1:10 at its full height A.1 110 10A.2 110 20
1:10 and thereafter 1:5
B.1 5 110 20
B.2 90 10
B.3 110 10
B.4 90 20
5 Soil Depth of 0.5m
Table 5.5: Test Configurations
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Table 5.7 and 5.6 summarize the results of each tests.
Case A Angle [°]20 10
Speed [km/h] 110 FAIL PASS
Table 5.6: Results Case A
Case B Angle [°]20 10
Speed [km/h] 110 FAIL
6 PASS
90 FAIL PASS
6 Soil Depth of 0.5m
Table 5.7: Results Case B
Case A
The safety barrier model used for the first two tests herein presented is the one with a
maximum flare of 1 : 10 at its full height.
The test has been performed with a vehicle speed of 110 km/h for two different impact
angles of 10°and 20°, respectively case A.1 and A.2.
Case A.1 shows that the barrier is able to contain the car which returns in the traffic
lane with an angle of 23.6°, see figure 5.29. In this case the car recovers the traffic lane
with a reduced angle and with all the wheels gripped on the pavement, figure 5.28.
Figure 5.28: Case A.1 Car Pocketing
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Figure 5.29: Case A.1 Test Sequence
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Case A.2 shows that the safety barrier is not capable of restrain the vehicle, figure 5.30.
Figure 5.30: Case A.2 Test Sequence
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Case B
In test configuration B.1 has been used a soil depth of 0.5m, picture 5.25 (a). This
configuration has been studied to assess if a safe restrain of the errant vehicle is possible
also under the limit admissible condition of soil depth of 0.4m. The sequence 5.31 shows
that when the car encounters the slope, it jumps over-crossing the safety barrier.
Figure 5.31: Case B.1 Test Sequence
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In order to avoid that the car wheels lose the grip with the soil and consequently im-
proving the barrier containment, it has been decided to reduce the soil depth from 0.5m
to 0.4m.
The solution B.2 tested with the car speed of 90 km/h and impact angle of 10° shows
the capability of the safety barrier to restrain the errant vehicle. The analysis of the car
trajectory shows that the car returns in the traffic lane with an angle of 34.8° respect to
the lane, see picture 5.33. On the other hand, the car re-enters the lane without contact
between wheels and the street, see picture 5.32. This behaviour is not safe both for the
vehicle occupants and for the other vehicles travelling on the street.
Figure 5.32: Case B.2 Car Pocketing
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Figure 5.33: Case B.2 Test Sequence
The same test configuration has been adopted to perform the test with a vehicle speed
of 110 km/h, case B.3 table 5.5. The analysis of the car trajectory shows that the car
returns in the traffic lane with an angle of 32.7° respect to the lane, see picture 5.35.
In this case, the car re-enters the lane with a more stable behaviour than the case B,
figure 5.34, but the return angle is still high. This could be a danger both for the vehicle
occupants and for the other vehicles travelling on the street.
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Figure 5.34: Case B.3 Car Pocketing
Figure 5.35: Case B.3 Test Sequence
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Test configuration B.4 is performed with a vehicle speed of 90 km/h and an impact angle
of 20°. The test results show that the safety barrier is over-taken by the car as shown in
figure 5.36.
Figure 5.36: Case B.4 Test Sequence
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Table 5.8 reports the value of the ASI and THIV of the passed solutions. They are all
in the acceptable range outlined in the standard EN 1317-5. It also contains the return
angle of the car re-entering the lane.
Case ASI[−] THIV [km/h] Return Angle [°]
A.1 0.44 20.4 23.6
B.2 0.37 19.2 34.8
B.3 0.41 22.9 32.7
Table 5.8: Severity Indexes and Return Angle
5.3.3 Analysis of Results
This study case is related to the real need of redirect errant vehicles where safety barrier
is anchored in the roadside terrain nearby closed ditches.
Two configuration of safety barriers have been analysed: the safety barrier curved out-
wards 1:10 at its full height (Case A) and the safety barrier curved outwards with a
maximum flare of 1:10 for the first 0.8m and thereafter 1:5 (Case B).
The barrier type analysed in Case A allows to physically reduce the impact angle limiting
the hazard for the vehicle occupant but it is a costly solution since it is necessary to have
a very long barrier. This is why other safety barriers configurations have been analysed,
using the VRS presented as Case B.
Tests results showed that when the impact occurs with an angle of 20° the barrier is
not able to restrain the vehicle. This situation happened for all the analysed cases. Only
the configurations with an impact angle of 10° should be considered acceptable basing on
accident analysis. They have shown that most of the impacts of vehicle travelling at high
speed (> 90 km/h) against safety barriers take place with an impact angle that is lower
than 10°. This explains why the analyses presented in this work of thesis should be taken
into account to install real-life VRS anchored in a roadside terrain. Among the different
cases presented the suggested solutions are the usage of the safety barrier curved outwards
with a maximum flare of 1:10 for the first 0.8m and thereafter 1:5 for roads with limit
speed value of 90 km/h and the safety barrier curved outwards 1:10 at its full height for
roads with a speed limit of 110 km/h.
Initially, the aim was to find the best safety barrier configurations to be adopted us-
ing the GeoMetro model and then test them with the heavier Neon1500 car model. As
expected, the same instability phenomena shown in the full scale deformable test of the
Validation Roadmap occurred performing the test using the Neon1500, even with a differ-
ent test setup and a different safety barrier model.
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Conclusions and Future
Developments
6.1 Conclusions
In the first part of this work of thesis, focused on the application and usability of the
Validation Roadmap to relatively new vehicle models, the point of view of a virtual lab
has been adopted since only a limited amount of data from real life experiments were
available. Nowadays the usage of virtual testing is becoming established because it helps
to speed up test procedures. In spite of that, further development is needed especially in
the road equipment field where crash simulation is still limited.
The level of detail of the vehicle models herein presented is less then the typical one
adopted for the ones used in automotive field but their principal sub-systems, such as
the suspension and steering systems, well reproduce the real vehicle behaviour. Both the
13 ton coach and the 1500 kg car have been improved modifying the dynamic systems and
the body structure. The updated vehicles fulfil the geometrical and mass distribution
requirements reported in the standard EN 1317-1.
Before using these models to test vehicle restraint systems the validation procedure,
called Validation Roadmap, outlined in the TR 16303 has been followed to assess the
correct behaviour of the numerical models. The TR is originally developed for small cars
of total mass of 900 kg, therefore in the process of adapting it to the 13 ton coach model
many critical aspects emerged. Since the procedure has been fitted for a 13 ton bus, many
critical aspects stood out. The main difference between a car and a coach is related to the
suspension-type, this means that the tests on the suspension system of a coach required
a deep revision. Each test herein presented has been performed highlighting its critical
aspects, proposing possible changes in the way to carry on the test.
Performing all the tests of the validation procedure is time-consuming and if physical re-
sults are not available for a comparison, some tests may be deemed less significant and
eventually be neglected. That is why a reduced validation procedure has been suggested,
table 4.6. At least the tests reported in the reduced validation procedure can be performed
in order to consider a vehicle model as validated.
The suggested validation procedure adopted for the coach allowed to obtain a robust
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and stable numerical vehicle model. In fact, all the tests performed with the bus model,
also in critical out of standard testing conditions, shown the correct behaviour of the model
without instability phenomena.
Nevertheless, the same validation procedure applied on the Neon1500 leads to a non-
validated model with controversial results that could be related to the way the numerical
model has been built. The model geometry and the mesh created on it should be revisited
in order to reduce the risks to face instability phenomena. In fact such instability issues oc-
curred both when performing full scale test against deformable barrier (test 5.2 table 2.7)
and against critical installation of VRS. Therefore it has been decided to use the GeoMetro
car model to study that kind of installations. This considerations highlight the importance
of the Validation Roadmap. It is a proof that the validation procedure can be considered
as a fundamental tool to asses if a vehicle model is robust enough to perform also test
outside the intended standard lateral impact tests as would be desirable for road designers.
The analyses of critical installations presented in chapter 5 are related to real life situa-
tions that can be found on different road types such as highways or secondary roads. The
study cases presented can be taken as a starting point for physical installation of out of
standard VRS. The results allowed to assess the global behaviour of the entire system.
For the study case of safety barriers located at physical median for multi-lane roads,
section 5.1 it stood out that a couple of high containment safety barriers H2 represents the
optimal solution to safely restrain an errant coach without invading the opposite traffic
lane.
The analyses performed on construction walls and cast-in-place barriers, section 5.2,
shown the possibility to adopt different solutions basing on the speed limit allowed on the
traffic road.
The test series analysing the safety barrier termination anchored in the roadside ter-
rain, described in section 5.3, has been very useful to understand the restraint capability
of the safety barrier in order to find the best compromise among geometrical and impact
parameters.
A well proven validation methodology for vehicles can be developed starting from the
results of the present work. The use of validated vehicle models can become a valuable
tool for road designers and authorities facing non-standard installations, which may lead
to additional risks for road users.
6.2 Future Developments
The reduced validation procedure suggested in the present work of thesis can be further
improved developing ad hoc tests for each type of vehicle that needs to be validated. Ob-
viously, performing a great amount of tests should lead to a very accurate vehicle model
but it means high computational time for the entire validation procedure. Moreover, the
comparison with experimental data for most of these numerical tests should be advisable.
A trade-off between model accuracy and duration of the whole validation procedure should
be considered.
As stated before, the Neon1500 is not validated therefore it still needs further improve-
ments in order to be more stable and robust. These improvements requires a complete
re-design of the mesh in several structural parts directly involved in the impact or in the
load path.
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Referring to the tests performed to study safety barrier termination anchored in the
roadside terrain, it should be interesting to study the restrain capability of the safety
barrier to restrain a vehicle with shorter embedded posts nearby the ditch. In this circum-
stances, it would be interesting to simulate the pull-out of the posts using a continuous
model for the soil.
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Annex I
Coach Model Structure File
The coach model is organized in a modular structure. The main recalls these files:
• bus_components
– bus_inside_structure
– bus_outside_structure
– bus_front_axle
– bus_rear_axle
– bus_seats
– bus_accelerometer
– underformed_tyres
• bus_material
• bus_section
• bus_constraint
• bus_contact
• bus_velocity
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Annex II
Technical Draws Used
Figure II.1: H2 Safety Barrier
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Figure II.2: N2 Safety Barrier
Figure II.3: Front Rail A - profile
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Technical Draws Used
Figure II.4: Sigma Shaped Post
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Figure II.5: Absorber
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Annex III
Software and Calculation
Machine Used
The software used in the present work are listed in this annex.
• Ls-Dyna
• SolidWorks
• Hypermesh
• MATLAB
• LATEX
• Microsoft Excel
• TeamViewer
• TRAP
Three PCs were available to perform the tests of this thesis.
PC Number of CPU RAM [GB]
Intel Core X9650 4 8
Intel Core i7 4 8
Intel Xeon X5667 4 24
Table III.1: PC Specifications
151

List of Acronyms
VRS - Vehicle Restraint System
EN - European Norm
TR - Technical Report
FE - Finite Element
ASI - Acceleration Severity Index
THIV - Theoretical Head Impact Velocity
VI - Vehicle Intrusion
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